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1. Vorwor t un d Danksagun g 
Diese Dissertatio n schließt sich an die Promotionsschrift : „Entwicklun g un d Erprobun g eines 
benthischen Landersystems  zu r in  situ  Bestimmun g vo n Sulfatreduktionsrate n marine r 
Sedimente" meine s Kollege n Dr . Olive r Greef f an . Da s vo n ih m entwickelt e freifallend e 
Landersystem LUIS E wurde von mi r durch einen Temperatursensor fü r Sedimentmesungen 
ergänzt un d geziel t a n verschiedene n marine n Standorte n mi t unterschiedliche n Sediment -
verhältnissen eingesetzt . Dies e Arbei t stellt e unte r andere m auc h ein e technisch e 
Herausforderung dar , insofern, daß für die Beprobung hydrothermale r Sediment e mi t extrem 
heißen und korrosiven Umgebungsbedingunge n ei n neues Inkubationsgerät : de r ORPHEU S 
entwickelt wurde. 
Ziel diese r Arbei t wa r es , di e Bedeutun g de r bakterielle n Sulfatreduktio n i n 
verschiedenen marine n Sedimenten (Schwarze s Meer , Ägäis und Urania Becke n sowie Gol f 
von Kalifornien) durch in situ Messungen zu quantifizieren. Ein weiterer Schwerpunk t war es, 
Unterschiede i n den Sulfatreduktionsraten zwische n in  situ  inkubierten  Sedimentkeme n un d 
im Labor inkubierten Kernen zu untersuchen. 
Die i n den einzelne n Arbeite n vorgestellte n Ergebniss e basiere n au f Daten , die ic h 
während dre i Forschungsfahrte n zwische n 199 7 un d 199 8 erhebe n konnte . I m einzelne n 
waren die s di e R V PET R KOTTSO V Expeditio n i n da s nordwestlich e Schwarz e Mee r i m 
September 1997 , di e R V METEO R Expeditio n M40/ 2 i n di e Ägäis i m Dezembe r 199 7 un d 
die RV ATLANTIS Expeditio n i n den Golf von Kalifornien im April 1998. 
Während de r Forschungsreis e i n da s Schwarz e Mee r wurde n in  situ  Messunge n 
gleichzeitig mi t dre i Landergeräten : de m Sulfatreduktionslande r LUIS E sowi e eine m 
profilierenden Lande r un d eine m Kammerlande r meine r Kollege n Fran k Wenzhöfe r un d 
Wolfgang Ries s durchgeführt , u m ei n möglichs t zusammenhängende s Bil d vo m 
Abbaugeschehen organische n Kohlenstoff s vo n de r oxische n i n di e anoxische , sulfidisch e 
Zone zu erhalten. 
Hydrothermale Stoffflüss e i n de r südliche n Ägäi s sowi e Stoffflüss e i m anoxische n 
Urania Becke n wurden während de r Meteo r Expeditio n M40/ 2 untersucht . Dabe i wurde de r 
Lander LUIS E zu r in  situ  Messun g vo n Sulfatreduktionsrate n i n hydrotherma l beeinflusste n 
Sedimenten vor der Inse l Milos und i n der Calder a de r Inse l Santorin sowie i m hochsalinen, 
fast 4000 m tiefen Urania Becken westlich vor Kreta eingesetzt. 
Ein genaue s Positioniere n de s freifallende n Lander s LUIS E zu r gezielte n 
Untersuchung eine s „Ho t Ven t Systems " wär e star k vo m Zufal l abhängig , d a kein e 
Steuerung möglic h ist . Deshalb wurde i n Anlehnung an diesen Landerty p i m Rahmen dieser 
Dissertation ein neues Inkubationsgerät : der ORPHEUS zu r Beprobung von hydrothermale n 
Tiefseesedimenten entwickelt , de r mi t eine m Forschungstauchboo t ode r eine m remot e 
operating vehicle (ROV) eingesetzt werden kann. 
Der für in  situ  Inkubatione n konzipiert e ORPHEU S wurd e i m Rahme n diese r Arbei t 
zum ersten Mal erfolgreich i n hydrothermalen Tiefseesedimente n de s Guaymas Beckens im 
Golf vo n Kalifornie n mi t de m Forschungstauchboo t ALVI N eingesetzt . Nebe n de n in  situ 
Messungen wurde n auc h Versuch e zu r Temperaturabhängigkei t de r bakterielle n 
Sulfatreduktion unte r Laborbedingungen durchgeführt . 
Die hier vorliegende Dissertationsschrif t is t im wesentlichen in drei Teile gegliedert. In 
der Einleitun g werde n di e grundsätzliche n Fragestellunge n de r eingereichte n Manuskript e 
erläutert. Alle im zweiten Tei l vorgestellten Manuskript e sin d i n englischer Sprach e abgefaß t 
und be i internationale n Fachzeitschrifte n zu r Veröffentlichun g eingereich t worden , ode r 
werden in Kürze eingereicht: 
„Sulfate reductio n i n Blac k Se a Sediments ; in  situ  and laborator y radiotrace r measurement s 
from the shelf to 2000 m depth" von A. Weber, W. Riess, F. Wenzhöfer und B.B. Jorgensen 
Die diese r Arbei t zugrundeliegend e Forschungsreis e wurd e vo n mi r organisier t un d 
koordiniert. Di e Fahrtleitun g übernah m Her r Prof . Dr . Jorgensen . Da s Manuskrip t diese r 
Arbeit wurd e vo n mi r verfaßt . Vo n Wolfgan g Ries s un d Fran k Wenzhöfe r wurde n 
Meßergebnisse des „diffusive oxygen uptake" (DOU), des „total oxygen uptake" (TOU) sowie 
„dissolved inorgani c carbon " (DIC ) fü r dies e Arbei t zu r Verfügun g gestellt . Da s Manuskrip t 
wurde bei Deep Sea Research eingereicht . 
„Bacterial sulfat e reductio n i n hydrotherma l Sediment s o f th e Guayma s Basin , Gul f o f 
California, Mexico: in situ and laboratory radiotrace r measurements" , von A. Weber und B.B. 
Jorgensen 
Das Manuskrip t diese r Arbei t wurd e vo n mi r verfaßt . Da s Inkubationsgerä t 
ORPHEUS wurd e vo n mi r konzipier t un d mi t Hilf e de r technische n Werkstat t de s Max -
Planck-Institutes realisiert . Währen d eine r Tauchfahr t mi t ALVIN , a n de r ic h teilnehme n 
konnte, wurde da s Gerä t zu r Beprobun g hydrothermale r Sediment e erfolgreic h eingesetzt . 
Die Fahrtleitun g hatt e Prof . Dr . Holge r Jannasch . Diese s Manuskrip t wir d be i Dee p Se a 
Research eingereicht . 
„Deep-water secondary productivity and intense sulphate reductio n in a hypersulphidic basi n 
in the Mediterranea n Sea : Implication s for th e sulphu r isotop e record" , von W. Ziebis , M.E . 
Böttcher, A. Weber, J.C. Miquel, S.M. Sievert, P. Linke. 
Das Manuskript dieser Arbeit wurde von Wiebke Ziebis verfaßt. Zu dieser Arbeit habe 
ich mi t in  situ-  un d Labormessunge n vo n Sulfatreduktionsrate n i n Sedimente n de s Urani a 
Beckens sowie i n der Wassersäule beigetragen . Sämtliche Laborarbeite n un d Berechunge n 
der Rate n wurde n vo n mi r durchgeführt . Di e Fahrtleitun g hatt e Dr . Pete r Linke . Diese s 
Manuskript wurde bei Nature eingereicht. 
„Geochemistry an d sulfat e reductio n rate s i n hydrothermall y influence d Sediment s i n th e 
Aegean Sea", von W. Ziebis, und A. Weber 
Diese Arbei t beinhalte t mein e Ergebniss e de r Forschungsreis e M40/ 2 i n di e Ägäis . 
Mein Antei l a n diese r Arbei t wa r di e Bestimmun g vo n Sulfatreduktionsrate n {in  situ-  un d 
Laborinkubationen) i n hydrothermale n un d nich t hydrothermale n Sedimente n vo r de r Inse l 
Milos un d i n der Calder a de r Inse l Santorin mi t dem Lande r LUISE . Dieses Manuskrip t wir d 
bei Continental Shelf Research eingereicht . 
Im dritten Tei l werden die wichtigsten Ergebniss e zusammengefaß t un d ein Ausblic k 
auf die Landertechnologie gegeben. 
Die hie r vorliegende n Artike l entspreche n de m Inhal t nac h de n eingereichte n 
Manuskripten. Zum Zeitpunk t de r Einreichun g diese r Arbei t sin d noch alle Manuskript e de m 
Review-Prozeß unterworfen , das kann zu nachträglichen Änderungen führen. 
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2. Einleitung 
2.1 Abbauwege organischer Substanz am Meeresboden 
In den oberen 1 0 bis 10 0 Metern de s Meerwassers sin d mikroskopische einzellig e Algen für 
den größte n Tei l de r globale n Pflanzenproduktio n verantwortlich . Di e hie r produziert e 
Biomasse wir d i n de r photische n Zon e abe r nich t vollständi g umgesetz t un d sink t al s 
organischer Detritu s durc h di e Wassersäul e zu m Meeresboden . Diese r vertikal e Flu x vo n 
partikulärem Kohlenstof f wir d auc h al s „marine r Schnee " (mi t Partikelgröße n >  20 0 um ) 
bezeichnet und ist abhängig von der Primärproduktion i m Oberflächenwasser (Suess , 1980). 
Aber nu r 25-50 % de r vo m Plankto n i n de r Wassersäul e synthetisierte n Kohlenstoff- , 
Stickstoff- un d Phosphorverbindunge n verlasse n di e photisch e Zon e un d erreiche n de n 
Meeresboden (Wollast , 1991) . A m Meeresbode n wir d ei n Großtei l de s abgesunkene n 
organischen Material s wieder mineralisiert , jedoch werden nu r etwa 1 0 % davon langsam im 
Meeresboden begraben und sind für einen C0fS-Gehalt von 1-3 % (Trockengewicht) i n Schelf-
Sedimenten verantwortlich (Berner , 1982) . 
Sedimente habe n ein e hoh e Aufnahmefähigkei t fü r organische s Materia l un d habe n 
deshalb eine Pufferfunktion fü r küstennah e Ökosysteme . Ein e Vielfalt von Mikroorganismen , 
die ei n breite s Spektru m vo n Elektronenakzeptore n nutzen , sin d verantwortlic h fü r de n 
Abbau organischen Materials in marinen Sedimenten. Abhängig von der bakteriellen Aktivität 
im Sedimen t un d de m Sauerstoffgehal t i m Bodenwasser , könne n anoxisch e Bedingunge n 
auftreten, was zu eine r Verschiebung de r Grenzschicht  zwische n oxische n un d anoxische n 
Verhältnissen führ t un d dramatisch e Veränderunge n i m Sedimen t un d de r benthische n 
Lebensgemeinschaft hervorrufe n kann . S o könne n sic h z.B . geochemisch e Gradiente n i m 
Sediment, de r Nährstoffflu ß i n da s darüberliegend e Bodenwasse r ode r di e Abbauweg e 
mikrobieller Prozesse ändern (Jorgensen, 1996). 
Es läßt sich eine vertikale Zonierun g de r Abbauvorgänge i n der Sedimentsäul e nac h 
abnehmendem Redoxpotentia l un d Energiegewin n feststellen : a ) aerob e Respiration , b ) 
Denitrifikation, c ) Manga n (Mn(IV)) - un d Eisenreduktio n (Fe(lll)) , d ) Sulfatreduktion , e ) 
Methanogenese (Jorgensen , 1996) . 
Die Oxidation organischen Material s zu Kohlendioxid (C0 2) un d Wasser (H 20), erfolgt 
hauptsächlich durc h Mikroorganisme n un d kan n j e nac h Sedimenttief e übe r eine n ode r 
mehrere de r obe n dargelegte n Weg e ablaufen . Da s sedimentiert e organisch e Materia l wir d 
in erster Linie durch aerobe Mikroorganismen und Tiere auf dem Meeresboden mineralisiert . 
In küstennahe n Sedimente n beschränk t sic h diese r Abbauvorgan g au f ein e 
sauerstoffhaltige, nur wenige Millimete r dicke Schicht an der Sedimentoberfläche un d auf die 
Gangsysteme de s Bentho s (Revsbec h e t al. , 1980 , Jorgensen un d Revsbech , 1985) . Unte r 
der Zon e de r Sauerstoffeindringtief e trit t ein e schmal e Zon e de r Denitrifikatio n au f 
(Sorensen, 1978 , Nielse n e t al. , 1992) . Da s bei m Abba u vo n organische r Substan z 
freigesetzte Nitra t dien t hie r als Elektronenakzepto r un d wird zu molekulare m Stickstof f (N 2) 
oder i n geringem Umfan g auch zu Ammonium (NH 4+) reduziert . Bi s auf wenige Ausnahmen, 
z.B. be i hohe r Nitratkonzentratio n i m Sediment , ha t diese r Proze ß jedoc h ein e weitau s 
geringere Bedeutung für die C0fS-Oxidation (Sorensen et al., 1979) . 
Bis noc h vo r wenige n Jahre n wurd e angenommen , da ß de r Abba u organische n 
Materials i n Sedimenten größtenteil s durc h aerob e Respiratio n sowi e durc h Sulfatreduktio n 
erfolgt (Jorgensen , 1978 , Fossin g un d J0rgensen , 1990) . Heut e wei ß man , daß auc h noc h 
andere Elektronenakzeptore n fü r di e Mineralisatio n organische n Kohlenstoff s verantwortlic h 
sind, inbesonder e oxidiert e Mangan - un d Eisenspezies . Di e Mangan - un d Eisenreduktio n 
findet i n de r braunen , oxidierten , oberflächennahe n Sedimentschich t unte r de r Zon e de r 
aeroben Respiration und Denitrifikation stat t und erstreckt sich bis zu einer Tiefe von etwa 10 
cm. Di e Sulfatreduktio n al s dominierende r anaerobe r Proze ß trit t unmittelba r darunte r un d 
bis i n mehrer e Mete r Tief e auf . Di e hoh e Verfügbarkei t vo n Sulfa t zusamme n mi t de r 
effektiven bakterielle n Aktivität , organische n Kohlenstof f z u oxidiere n (ei n Mo l Sulfa t kan n 
zwei Mo l Kohlenstof f de r Oxidationsstuf e 0  oxidieren ) verleih t diese m Stoffwechselproze ß 
große Bedeutung . Di e anaeroben Mineralisationsprozess e de r Mangan - un d Eisenreduktio n 
sowie de r Sulfatreduktion dominiere n nebe n de r au f di e oberste n Millimete r de s Sediment s 
beschränkten 0 2-Respiration die anaerob e Oxidatio n organische n Kohlenstoff s (Canfiel d e t 
al., 1993 , Thamdrup und Canfield , 1996) . Dabe i entstehen weitere reduziert e Komponente n 
wie H 2S be i de r Sulfatreduktio n un d Mn 2+ un d Fe 2+ be i de r bakterielle n Mangan - un d 
Eisenreduktion. Di e Mangan - bzw . Eisenreduktio n is t indirekt , bzw . direk t mi t de m 
Schwefelkreislauf verbunde n (Abb . 1) , wobe i de r Schwefelkreislau f aufgrun d seine r 
unterschiedlichen Oxidationsstufe n weiter e metabolisch e Reaktione n ermöglich t (Oxidation , 
Reduktion und Disproportionierung) . 
Schließlich folg t al s energieärmste r Proze ß unte r de r Sulfatreduktionszon e noc h di e 
Methanogenese, be i de r organische s Materia l z u C0 2 un d Metha n (CH 4) umgesetz t wir d 
(Crill und Martens, 1986; Kuivila et al., 1990). 
Bodenwasser 
Abb. 1 : Vereinfachte Darstellun g de r Kopplun g zwische n Sauerstoff- , Mangan- , Eisen- , und 
Schwefelkreisläufen i n marinen Sedimente n (au s Jahrbuch de r Max-Planck-Gesellschaf t zu r 
Föderung de r Wissenschaften e.V. , 1995 , Sonderdruc k de s Max-Planck-Institute s Bremen , 
231-238). 
2.2 Abbau organischen Kohlenstoffs durch Sulfatatmun g 
Weltweit gesehen , is t die Oxidation organische n Kohlenstoff s i n marine n Sedimente n durc h 
die aerob e Respiratio n bestimmt . A n zweite r Stell e folg t der Abbauweg de r Sulfatreduktio n 
(Jorgensen, 1983 ; Henrich s un d Reeburgh , 1987) . Allerding s wechsel t di e relativ e 
Bedeutung de r beide n Mineralisationsprozess e i n Abhängigkei t vo m Sediment . I n 
euxinischen Sedimente n miß t ma n weitau s höher e Sulfatreduktionsrate n al s i n normale n 
marinen Sedimenten , weil im euxinischen Milie u hauptsächlic h sulfatreduzierend e Bakterie n 
organisches Materia l abbauen . I n küstennahe n Sedimente n is t di e Sulfatreduktio n etw a 
gleichbedeutend mi t de r aerobe n Mineralisation , dagege n dominier t i n viele n Tiefsee -
sedimenten die aereobe Respiration. (Jorgensen, 1983 ; Canfield, 1989) . Chemisch gesehe n 
ist die Sulfatreduktion eine Redoxreaktion (1). 
(1) Sulfatreduktion: 
H+ + CH20 +  Vz S042" -> C02 +  1/2 H2S + H20 
Ausschließlich strik t anaerob e sulfatreduzierend e Bakterie n sin d fü r di e Reduktio n 
von Sulfa t zu Sulfi d verantwortlich un d deren ökologisch e Bedeutun g is t erkennbar a n gra u 
bis schwarz gefärbten Sedimenten (durc h FeS und FeS2) mit intensiven H 2S-Geruch. Es wird 
geschätzt, daß etwa 50 bis 90% der weltweiten Sulfatreduktio n i n küstennahen Sedimenten , 
auf dem Schelf und am Kontinentalhang auftrit t (z.B . Ivanov, 1978 , J0rgensen, 1983 , Volkov 
und Rozanov, 1983) . 
In vielen küstennahen Sedimenten sind sulfatreduzierende Bakterie n hauptsächlich i n 
den oberen Zentimetern des Meeresbodens aktiv . Ei n hohe r Antei l an organischem Materia l 
im Sediment führt zu einem hohen bakteriellem Umsatz , einer Abnahme vo n Sauerstof f un d 
einem Absinken de s Redoxpotential s (Eh) . Zusammen mi t Sulfat , verfügbarem organische n 
Substraten un d eine m geeignete n pH-Wer t kan n ein e optimal e Umgebun g fü r sulfat -
reduzierende Bakterie n geschaffen werden (Skyring , 1987). 
Es wurde n verschieden e Arte n marine r sulfatreduzierende r Bakterien , wi e 
Desulfotomaculum, Desulfovibrio  ode r Desulfovibiro  aestaurii  beschriebe n (Zobel l un d 
Rittenberg, 1948) , die z.B. einfache organisch e Verbindunge n wi e Lactat , Pyruvat , Fumara t 
oder Formia t oxidiere n können . Ers t seh r vie l später  gelan g e s eine n weitere n 
Sulfatreduzierer: Desulfobacter  postgatei  z u isolieren , der auc h Fettsäuren , wie z.B . Aceta t 
oder Propiona t al s Substra t oxidiere n kan n (Widde l un d Pfennig , 1981 , 1982) . Mi t diese n 
Arbeiten wurd e di e Bedeutun g de r Sulfatreduktio n i m globale n Kohlenstoffkreislau f imme r 
deutlicher. 
2.3 Messung biologischer Sulfatreduktion i n marinen Sedimente n 
Nur ei n geringe r Antei l de s be i de r Sulfatreduktio n freigesetzte n Schwefelwasserstoff s wir d 
an di e überstehend e Wassersäul e abgegeben . Stat t desse n wir d freie s Sulfi d i m 
Porenwasser akkumulier t ode r al s Pyri t (FeS 2) permanen t i m Sedimen t festgelegt . De r 
größte Tei l (90% ) de s Schwefelwasserstoff s i m Porenwasse r wir d i m oxidative n 
Schwefelkreislauf z u Sulfa t reoxidiert . Aufgrun d de r rasc h ablaufende n Kreislaufreaktione n 
von Sulfa t z u Sulfi d un d zurüc k z u Sulfa t (2) , is t e s nich t möglic h di e tatsächliche n 
Mineralisationsraten de s organische n Material s übe r di e Untersuchun g de r Sulfat - un d 
Schwefelwasserstoff-Konzentrationen z u beobachten. 
(2) Reoxidation der reduzierten Verbindung: 
0 2 +  Vz H2S -» Vz S042" + H+ 
Erst mi t Hilf e de s Einsatze s vo n sog . Radiotracer n gelan g e s Sulfatreduktionsrate n 
direkt zu messen. Die ersten Messungen dieser Art wurden von Sorokin (1962) durchgeführt , 
der radioaktives Sulfat (35S042~) in homogenisiertes Sediment mischte . 
Durch Zugab e vo n 35 S042" beobachte t ma n i m Lauf e de r Zei t ein e Anhäufun g vo n 
radioaktiv markierte m H 235S währen d 35 S042" reduzier t wird . U m Sulfatreduktionsrate n i n 
Abhängigkeit vo n de r Sedimenttief e z u untersuchen , injizier t ma n 35 S042" horizontal , i n 
regelmäßigen Abstände n i n ungestört e Sedimentkern e un d läß t de n Sedimentker n einig e 
Zeit be i in  situ  Temperaturen inkubieren . Anschließend wir d de r Ker n segmentiert  un d di e 
Sedimentscheiben i n Zinkaceta t konservier t (Jorgensen , 1978 ; Zhabin a un d Volkov , 1978 ; 
Fossing un d Jorgensen , 1989) . Be i eine r Destillatio n mi t Cr^-Salze n unte r salzsaure n 
Bedingungen wir d radioaktive s H 235S au s de n i m Sedimen t fixierte n radioaktive n 
Schwefelverbindungen wiede r freigesetzt . Au s de m Verhältni s de r Radioaktivitä t i m 
Schwefelwasserstoff z u de r i m nich t umgesetzte n Sulfat , läß t sic h ein e Umsatzrat e 
berechnen: 
[SO42] • ( 35S-H2S) • a 
Rate = nmo l S042~ cm"3 d"1 
(35S-S042) « t 
[S042-] =  Sulfatkonzentration , ( 35S-S042) un d ( 35S-H2S) =  absolut e Sulfat - un d 
Sulfidradioaktivitäten, t  =  Inkubationszeit , gemesse n i n Tagen , a  =  Isotopen -
Fraktionierungsfaktor der bakteriellen Sulfatreduktion (Jorgensen , 1978) . 
Die Untersuchun g diese r biogeochemische n Stoffkreisläuf e wirf t abe r Problem e auf , 
da di e dafü r erforderlich e Probenahm e vo n Sedimentkerne n durc h verschieden e Faktore n 
beeinflußt wird . Di e Probenahme wird mit Geräten, wie z.B. dem Box-Core r ode r dem Multi -
Corer durchgeführt . Da s Sediment wird mi t diesen Geräte n a n Bor d des Forschungsschiffe s 
gebracht, u m dara n Beobachtunge n un d Experiment e i m Labo r durchzuführen . Da s 
Sediment wird dabe i aber vo r de r Untersuchun g seine r natürliche n Umgebun g entrissen . I n 
der Zei t zwischen Entnahm e de r Prob e unte r de m Einflu ß des kalte n Bodenwasser s sowi e 
unter de m hohe n Druc k de r überlagernde n Wassersäul e un d de r Konservierun g de r 
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Sedimentprobe a n Bor d de s Schiffes , erwärm t sic h de r Sedimentker n bei m Aufstieg durc h 
die Wassersäule un d wir d je nac h Wassertief e eine r Dekompressio n ausgesetzt . E s is t z u 
klären, ob , und i n welchem Umfan g dabe i die biologische n un d chemischen Paramete r de r 
Probe vo r de r eigentliche n Untersuchun g veränder t werde n un d später e Meßergebniss e 
verfälschen. Besonder s offensichtlic h wir d dies e Fragestellun g auc h be i de r Beprobun g 
hydrothermal beeinflußte r Sedimente , di e of t hoh e Gaskonzentrationen (Methan ) i m heißen 
Sediment aufweise n un d be i Atmosphärendruc k a n Bor d de s Schiffe s hefti g entgase n 
können. Ein e massiv e Störun g de r Stratifizierun g de s Sedimentkem s sowi e de r 
Porenwassergradienten wär e da s Resultat . Folglic h sollte n biogeochemisch e Experiment e 
sofern möglich, ohne Druckentlastung der Probe in natürlicher Umgebung erfolgen. 
Eine Möglichkei t dies e Problemati k z u umgehen , is t di e Untersuchun g biogeo -
chemischer Stoffkreisläufe unte r in situ Bedingungen auf dem Meeresboden. Abgesehen von 
der optimalen Möglichkeit , Probenahme n un d Experimente mi t Forschungstauchbooten ode r 
sogenannten ROV' s (remot e operated vehicle ) durchzuführen , wurden j e nac h Anwendun g 
neue technologisch e Ansätz e entwickelt , u m unte r in  situ  Bedingunge n z u arbeiten . Ma n 
konzipierte freisinkende , autonom e Instrumente , die bi s ca . 6000 m  Wassertiefe einsetzba r 
sind, sogenannt e Lande r (Tengber g e t al. , 1995) , wi e z.B . Kammer-Lande r fü r in  situ 
Inkubationen abgeschlossene r Sedimentvolumin a (Jahnk e un d Christiansen , 1989 ) ode r 
profilierende Landergerät e zu r in  situ  Messun g vo n Mikroprofilen , wie z.B . von 0 2 übe r di e 
Sediment-Wasser Grenzschich t (Reimers , 1987) . De r Vortei l dabe i ist,  da ß da s eigentlich e 
Inkubationsexperiment ode r die Messung bereit s au f dem Meeresboden abgeschlosse n sin d 
und die Proben an Bord des Schiffes nu r noch fixiert, bzw. die Meßdaten ausgelese n werden 
müssen. 
Die erste n Ergebniss e diese r Untersuchunge n zeigten , da ß durchau s Unterschied e 
zwischen Laborexperimente n un d Messungen unte r in  situ Bedingungen festzustellen waren 
(z.B. Glud et al. , 1994). E s wird vermutet , daß diese Unterschied e au f Dekompressio n un d 
Erwärmung de r Proben während de s Aufstiegs durch di e Wassersäule zurückzuführe n sind . 
Nicht immer zeigen diese Vergleiche signifikante Abweichungen voneinander . S o z.B. ließen 
in situ  un d Labormessunge n vo n Sulfatreduktionsrate n i n unterschiedliche n Wassertiefe n 
keine systematischen Unterschied e erkennen (Martens et al., 1998). 
Vorausgegangene Landerarbeite n ware n schließlic h Grundlag e fü r di e technisch e 
Realisierung de s Landergeräte s LUIS E zu r in  situ  Messun g vo n Sulfatreduktionsrate n 
(Greeff e t al. , 1998) . Mi t diese m Inkubationslande r wurde n i m Rahme n diese r Arbei t 1 7 
Probenahmen mi t in  situ  Inkubatione n durchgeführt , mi t de m Ziel , in  situ 
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Sulfatreduktionsraten von verschiedenen marine n Sedimenten zu erhalten, deren Bedeutun g 
im Vergleic h z u andere n Mineralisationsprozesse n festzustelle n un d eventuel l auftretend e 
Unterschiede zu Labormessungen zu erklären. 
Im Rahmen dieser Dissertatio n wurde i n Anlehnung an den Lande r LUISE ei n neue s 
Inkubationsinstrument, de r ORPHEUS , fü r Radiotrace r Experiment e au f de m Meeresbode n 
entwickelt. Die s wurde notwendig , wei l di e gezielt e Beprobun g vo n hydrothermale n „Vent" -
Sedimenten mittels herkömmlicher freifallender Landergeräte nich t mehr möglich war. Nebe n 
der zielgenaue n Beprobun g mußt e gewährleiste t sein , da ß di e Funktionstüchtigkei t vo n 
ORPHEUS auc h be i extreme n Temperature n sowi e korrosive n Umgebungsbedingunge n 
erhalten bleibt . Hinz u ka m di e Anforderung , da ß diese s Inkubationssyste m mi t de m 
Forschungstauchboot ALVI N abgesetz t werde n sollte , s o da ß hoh e technisch e 
Anforderungen i n Bezug auf Dimension, Gewicht un d Handling gestellt wurden. 
Aufgrund der Bauweise diese s Gerätes besteh t auc h die Möglichkeit , ORPHEUS al s 
Modul i n ei n größere s Landersyste m z u integriere n un d a m gleiche n Probenahmeor t 
gleichzeitig z u Messunge n geochemische r Gradienten , ergänzend e Radiotrace r 
Inkubationen durchzuführen. 
Abgesehen vo m Inkubationsinstrumen t ORPHEUS , da s geziel t a m Meeresbode n 
abgesetzt werde n kann , trit t be i freifallende n Landergeräte n generel l da s Proble m de r 
Störung de r Sedimentoberfläch e auf . Die s kan n bereit s de r Fal l sein , bevo r da s Gerä t de n 
Boden berührt , durch eine dem Lander vorauslaufend e Druckwelle , spätesten s abe r i n dem 
Moment, i n dem der Lande r den Meeresboden berührt . Dies e Erfahrunge n wurden auc h mi t 
dem Lände r LUIS E be i verschiedene n Einsätze n währen d de r Forschungsreis e i n da s 
Schwarze Mee r gemacht . Hie r kan n nu r vo r jede m Einsat z ein e genau e Studi e de r 
Sedimentverhältnisse durc h Box-Core r ode r Multi-Core r Kern e helfen , di e Sink -
geschwindigkeit de s Lander s s o z u beeinflussen , da ß ein e Störun g de s „Fluff y Layer " s o 
gering wie möglich gehalten wird. 
Trotz eine r Reih e bereit s durchgeführte r Studie n -  einschließlich diese r Arbei t -  sin d 
viele Fragen bezüglich der Unterschiede Labor - und in situ Inkubation noch nicht geklärt. Nu r 
durch weitere Landereinsätze , möglichs t i n Tiefseesedimenten ( > 200 0 m ) mi t signifikante n 
Druck- un d Temperaturunterschiede n zu r Wasseroberfläche , kan n di e Auswirkun g diese r 
physikalischen Paramete r au f Sulfatreduktionsrate n be i Labor - un d in  situ  Inkubatione n 
verifiziert werden. 
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3. Ergebniss e un d Diskussio n 
3.1 
Sulfate reduction in Black Sea Sediments; in situ and laboratory radiotrace r 
measurements from the shelf to 2000 m depth 
A. Weber , W. Riess, F. Wenzhöfer, B.B . J0rgensen 
Max Planck Institut e for Marine Microbiology, Celsiusstr . 1 , 28359 Bremen, Germany 
3.1.1 Abstract 
Sulfate reductio n rat e (SRR ) measurement s wer e carrie d ou t in  situ  with the benthi c lander 
LUISE an d i n paralle l b y shipboar d incubations , i n shelf , slop e an d dee p se a Sediment s 
along a  transect of f the Romania n coast t o the dee p anoxi c basi n o f the Blac k Sea . In  situ 
SRR a t th e Romania n shel f wer e significan t lowe r (58-80% ) tha n laborator y incubate d 
Sediments. Belo w the chemocline the differences wer e i n a ränge of 4 t o 32%. The highes t 
rates measure d on a depth integrated basi s were 1.9 7 mmo l m"2 d"1 (Stn . 0, shelf ) and 1.5 4 
mmol m" 2 d"1 (Stn . 5, lower transition zone) . At shel f station s 2  and 3  in  situ  measure d SR R 
underestimated th e actua l rate s becaus e th e surfac e sedimen t wa s los t whe n th e lande r 
touched th e se a floor . A  lowe r sinkin g rat e o f 0. 7 m  s" 1 wa s foun d t o b e suitabl e fo r 
undisturbed coring . At al l stations SRR decrease d t o values ~  3 nmol cm" 3 d"1 or les s belo w 
15 cm sediment depth. 
Furthermore, th e relativ e significanc e o f th e mai n oxidant s wa s investigated . Th e 
predominant mineralizatio n proces s o n th e shel f i s oxyge n respiration . Th e importanc e o f 
sulfate reduction in comparison to total remineralization increased from 5.6 to 46.5 % (Stn. 1-
3). I n th e lowe r transitio n zon e (Stn . 5 , 18 1 m  wate r depth ) SR R increase d t o level s o f 
shallow wate r rates . Thi s dat a sugges t sulfat e reductio n i s th e predominan t pathwa y o f 
carbon remineralizatio n i n this zone. Belo w th e transition zon e SR R (laborator y an d in  situ) 
were i n a räng e o f 0.2 2 mmo l m" 2 d"1 to 0.6 8 mmo l m" 2 d"1. Preliminar y calculation s indicat e 
that Mn and Fe reduction together could be of roughly similar  importance to carbon oxidation 
as sulfat e reductio n a t Stn . 1- 3 an d probabl y les s tha n hal f o f th e contributio n fro m sulfat e 
reduction a t Stn . 4 . Th e tw o depositiona l environment s o f th e Blac k Se a (oxi c shel f an d 
anoxic basin ) wer e wel l characterize d b y significan t difference s i n CN S dept h profile s 
together with C 0^:S ratios. Increasin g atomi c ratios o f C 0^:N suggests that sulfat e reductio n 
was limited by the quality o f organic matter reaching the sea floor. 
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3.1.2 Introduction 
The Blac k Se a i s a  land-locke d deep basi n whic h contain s th e larges t permanentl y anoxi c 
water bod y i n the world with a  volume of 423,000 km 3 (Deuser, 1974) . This i s a resul t o f it s 
Separation fro m th e Mediterranea n an d onl y limite d exchang e throug h th e narro w an d 
shallow sil l (34 m) of the Bosphorus , which connects the Black Sea with the Sea of Marmara 
(Ünlüata e t al. , 1989) . Th e Blac k Se a wa s a  freshwater lak e durin g th e Pleistocen e (Izda r 
and Ergün, 1991). With the rise of the sea level saline Mediterranean water flows through the 
Bosphorus int o th e Blac k Se a (Gunnerso n an d Özturgut , 1974) , a  freshwate r inpu t com e 
from the major rivers Danube, Dnieper and Dniester (Tolmazin , 1985a) . 
Between the two water masse s a cold intermediate laye r with a  temperature o f 7 ° C 
established between 50 and 10 0 m (Murray e t al. , 1991a). A permanen t haloclin e separate s 
an uppe r lo w salinit y laye r ( S =  18. 1 %o ) from a  200 0 m  dee p anoxi c wate r bod y wit h a 
salinity o f 22.3 %o (Tolmazin, 1985a ; Murray e t al. , 1989 and 1991b) . The anoxi c condition s 
of th e Blac k Se a bega n 5000-700 0 year s ag o (Ros s an d Degens , 1974 ; Deuser , 1974 ; 
Degens e t al. , 1978 ; Calver t e t al. , 1987 ) an d sinc e the n th e chemoclin e ha s rise n t o it s 
present dept h a t 160-18 0 m  alon g th e peripher y an d 95-10 0 m  i n th e centra l Blac k Se a 
(Fashchuk, 1995 ; Bezborodov an d Eremeev, 1991 and 1992) . Hydrogen sulfide reaches 400 
UM in the hug e anoxi c wate r mas s belo w the brackis h surfac e laye r (Brewe r an d Spencer , 
1974; Millero , 1991) . Curren t hydrographi c condition s ar e described i n detai l b y Gunnerso n 
and Özturgut (1974) ; Sorokin (1983) ; Ünlüata, et al. (1989); Vinogradov (1991) ; Codispoti e t 
al. (1991); Lati f et al. (1991) and Buesseler et al. (1994). 
Because o f it s stratificatio n cause d b y temperature an d salinit y gradients , the Blac k 
Sea i s an idea l natura l laborator y fo r studie s o f oxidan t change s through the transition fro m 
oxic shel f Sediment s t o sulfidi c dee p se a Sediments . A n importan t questio n i s ho w th e 
relative significanc e o f th e mai n oxidant s change s acros s th e shel f brea k an d uppe r slop e 
where th e oxic/anoxi c interfac e intercept s th e se a floor . Thi s interfac e i s characterize d b y 
very lo w oxyge n an d b y relativel y hig h nitrat e concentrations . I t i s a  zone whic h ha s man y 
similarities t o Continenta l margi n Sediment s underlyin g water s wit h stron g upwelling , 
extensive oxyge n depletio n an d hig h nitrat e concentration . I n th e Blac k Sea , however , th e 
stratification is more stable and independent of season. 
The dynamic s o f th e oxic/anoxi c interfac e an d it s influenc e o n mineralizatio n 
processes i n Sediments ar e stil l unknown. Mineralization processe s i n Black Se a Sediment s 
such as sulfate reduction were investigated so far only under laboratory conditions . 
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Radiotracer Sediment investigations of sulfate reduction were carried out the first time 
by Soroki n (1962) , followed b y Vaynshteyn e t al . (1985) , Lei n e t al . (198 6 an d 1990) , Lei n 
and Ivanov (1990) and Albert et al. (1995). In this marine environment with low bottom water 
temperature (7°-9 ° C ) an d war m surfac e wate r (19.6 ° C  durin g thi s study ) temperatur e 
increase in the water column influences biologica l and chemical processes in sediment cores 
during recover y an d ma y no t reflec t th e origina l mineralizatio n processe s occurrin g i n th e 
sediment column. 
Furthermore, we expected increasin g effect s o f decompression (5 2 to 204 5 m  water 
depth) o n SR R measure d i n sedimen t core s unde r laborator y conditions . Thu s i t wa s 
necessary t o stud y thes e processe s unde r rea l in  situ  conditions . Longter m incubation s a t 
the se a floo r b y us e o f a  benthi c lande r fo r radiotrace r studies , a  Chambe r lande r an d a 
profiling lande r ca n avoi d temperatur e an d pressur e influence s durin g th e experiments an d 
should reflec t th e actua l biologica l o r chemica l activit y i n the sedimen t (Glu d e t al. , 1994) . 
Except in situ measurements of benthic fluxes on the north western Black Sea shelf (Friedl et 
al., 1998) , no investigations were reporte d o f SRR measurement s i n Sediments under in  situ 
conditions. In  situ  measurement s o f sulfat e reductio n i n th e Blac k Se a wate r colum n wer e 
reported by Albert et al. (1995). 
This was the first time in  situ measurements o f mineralization processe s i n Sediments 
were realize d withi n a  Shor t latera l distanc e b y th e deploymen t o f thre e differen t type s o f 
benthic lander s to stud y oxidan t change s i n Blac k Se a Sediment s alon g a  transect throug h 
the transitio n zone . Direc t measurement s o f oxyge n uptake , reductio n o f manganes e an d 
iron oxides , sulfat e reduction , carbo n dioxid e an d ammoniu m releas e wer e performed . W e 
report here SRR alon g a  transect throug h the interfac e an d the difference s betwee n in  situ 
and laborator y incubations . W e presen t carbon , sulfu r an d nitroge n relationships . W e als o 
discuss the relativ e significance o f sulfat e reductio n i n comparison to aerobi c mineralizatio n 
and Mn and Fe reduction in oxic shelf Sediments. 
3.1.3 Methods 
3.1.3.1 Field Sites 
Samples were obtained from ten stations (Table 1) in the western Black Sea during the Black 
Sea cruise onboard the Russia n R V Petr Kottsov i n September 1997 . The sampling station s 
were situate d alon g a  transec t (excep t Stn . 0  nea r oi l drillin g platform , Gloria) , whic h 
extended ove r a  lengt h o f ~  22 5 k m of f th e Romania n coas t fro m 6 2 m  to 204 6 m  wate r 
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depth (Fig . 1) . Thus, the transition from full y oxi c t o sulfidi c condition s wa s studied . The in 
situ sedimen t temperatures , measure d b y a  temperatur e senso r o n th e benthi c lander , 
LUISE, and botto m water oxygen concentration s (Ries s e t al. , unpublishe d manuscript ) ar e 
shown in Table 1 . Stations 1-4 are located on the shelf ; 5  and 6 on the upper slope, 7 on the 
lower slope and Stn. 8 in the deep basin. 
Table 1 . Station locations , wate r depth , sedimen t temperatur e (LUIS E sensor ) an d botto m 













43°27'68 N , 29°33'26 E 
44°15'07 N , 29°45'04 E 
43°53'84 N , 29°58'57 E 
43°51'05N, 30°10'45E 
43°43'08 N, 30°05'90 E 
43°42'63 N, 30°06'12 E 
43°40'47 N, 30°07'54 E 
43°31'61 N, 30°13'33E 
42°53'67N, 30°40'23 E 






































Sediment propertie s change d significantl y wit h th e transitio n fro m oxi c t o sulfidi c 
conditions. On the shelf and at the shelf break the sea floor was covered b y mussels, Mytilus 
galloprovinciales an d Modiolus phaseolinus overlyin g a light gray mud. Just beyond the shel f 
break (Stn . 5) , partl y laminate d an d partl y mixe d Sediment s occurred . Thi s sedimen t wa s 
apparently influence d b y change s i n the chemoclin e dept h an d b y sedimen t transpor t fro m 
the shelf to the deep basin. Sediment from Stn. 6 to 8 was a  finely laminate d coccolit h ooze. 
This typicai Black Sea sediment consist s principall y o f the coccolithophore species , Emiliania 
huxley, (Ros s and Degens, 1974; Calvert et al., 1987; Lyons, 1991 and Hay et al., 1991). 
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Except for Stn. 7 (gelatinous layer) , a fluffy laye r (Stn. 5, 6 and 8) or fluffy particle s 
between the Shells (Stn. 1 to 4) were observed at the sediment/water interface in all of the 
multiple core s and most of the benthi c lande r core s along the transect. Station H  (300 m 
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Fig. 1: Map of the Black Sea showing the transect from Stn. 1 t o Stn. 8 and Stn. 0. 
3.1.3.2 In situ measurements of oxygen microprofiles obtained by a benthic prüf Hing lander 
An autonomous benthic profiling lander was used to measure in situ microprofiles of oxygen 
with a depth resolution of 100 um (Reimers, 1987; Glud et al., 1994) . During this cruise the 
profiling lander was equipped with 2-4 oxygen microelectrodes of the Clark-type with a guard 
cathode and an internal reference (Revsbech, 1989). The tip diameter of the microelectrodes 
was 10-30 um, the 90% response time was < 1 sec, and the stirring sensitivity was < 1 %. A 
two poin t calibratio n usin g th e constan t senso r signa l i n th e botto m water , compare d t o 
Winkler titration concentration , and the zero Signa l recorded onboard was performed . The 
diffusive oxyge n uptak e (DOU ) was caiculate d fro m th e oxyge n gradient s i n th e diffusiv e 
boundary layer (Rasmussen and Jorgensen, 1992) applying Fick's first law of diffusion: DOU 
= D0(dC/dz), where, C is the 02-concentration, z is depth, and D0 is the diffusion coefficient in 
water at in situ temperature and salinity (caiculated from Li and Gregory, 1974) and Broecker 
andPeng, 1974)). 
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3.1.3.3 In  situ  measurements  of  nutrient  fluxes  and  total  oxygen  uptake  with  a  benthic 
Chamber lander 
A free falling autonomous Chamber lander (Janke and Christiansen, 1989 ; Glud et al. , 1994 ) 
was use d to measure fluxes a t the sedimen t wate r interfac e an d the respiration rate s o f the 
sediment and the dense bivalve fauna. Two Chamber lander deployments were carried out at 
Stations 1  through 4 whereas only one deployment was performe d a t the deeper Station s 5 
to 8. The preprogrammed lander incubate d 900 cm 2 of the sea floor with 1 0 to 20 cm of the 
overlying water. 
Two Clark-typ e min i electrode s (stirrin g effec t <  1  %, 9 0 %  response tim e <  1  sec) 
recorded the decrease (< 25%) of oxygen in the Chamber over time. Ten water samples were 
taken fro m th e Chambe r durin g incubatio n fo r late r analysi s o f £C0 2, N0 3", NH 4+ an d othe r 
dissolved components . Th e Chambe r was close d b y a  shove l a t the en d o f th e deploymen t 
and th e sedimen t an d overlyin g wate r wer e retrieved . Subsample s wer e take n fro m th e 
Chamber fo r meiofauna l count s an d identificatio n an d als o fo r sedimen t analysis . Th e 
remaining sediment was then sieved for macrofaunal identification and quantification. 
Immediately afte r recover y o f the lande r the water sample s wer e divide d an d froze n 
(for analysi s o f N0 3", NH 4+) o r fixed with HgCI 2 (fo r LC0 2) i n gastigh t Container s (exetainer , 
LABCO) for later analysis. The N0 3" measurements were done with a NO-N0 2-NOx Analyzer 
(Thermo Environmenta l Instruments , 42 C (se e Brama n an d Hendrix , 1989) . NH 4+ wa s 
measured by the flow injectio n metho d of Hal l and Aller (1992) . SC0 2 was measure d with a 
coulometer (UIC , ASTM D-513 Metho d G , "Carbon Dioxid e Evolution , Coulometri c Titratio n 
Method"). Fluxe s o f th e differen t solute s wer e calculate d b y linea r regressio n o f th e tim e 
series of concentrations. 
No tube-dwelling macrofaun a was found. The vas t majorit y o f the fauna consiste d o f 
mussels tha t had their water inle t and -outlet directe d t o th e ope n water . Thus , bioirrigatio n 
and biopumpin g withi n th e sedimen t wa s negligible . Therefor e th e differenc e betwee n th e 
total oxyge n uptak e (TOU ) i n the Chambe r minu s the diffusive oxyge n uptak e (DOU ) o f th e 
sediment was adressed to the respiration of the fauna (Glud et al., 1994). 
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3.1.3.4 In situ radiotracer measurements with the benthic lander LUISE 
In situ  radiotracer measurement s o f sulfat e reductio n i n the sedimen t wer e carrie d ou t wit h 
the autonomou s benthi c lander  LUIS E (Greef f e t al. , 1998) . Th e lande r lower s si x 
polycarbonate coreliners with a length of 60 cm and 36 mm I.D. into the sediment. One of the 
coreliners was replaced by a sensor to determine the sediment temperature to a depth of 60 
cm. Afte r a  preprogrammed time allowin g th e lande r reac h th e se a floor , three core s wer e 
injected vertically with 0.5 m l radiolabelled sulfat e diluted i n bottom water ( ~ 150 kBq 35S042" 
per c m core) . Th e dilutio n allow s a n eve n distributio n o f trace r i n th e sedimen t core . Th e 
incubation time s wer e 1 0 t o 4 8 h , longes t a t th e deepes t station s becaus e w e expecte d 
decreasing SRR with increasing water depth. 
During ascent and recovery o f the lander, additional sulfate reduction may occur. Th e 
error due to transient warming and decompression was calculated b y injecting the two (when 
working wit h temperatur e sensor ) o r thre e remainin g core s shortl y befor e ascen t o f th e 
lander. Th e incubatio n tim e range d betwee n 2  an d 4  h . Th e dat a fro m thes e short-ter m 
incubations reflec t th e temperatur e an d pressur e influenc e o n sedimen t core s o n th e 
background o f a  Shor t in  situ  incubation . Th e short-ter m dat a wer e subtracte d fro m th e 
results o f th e long-ter m in  situ  incubations . Thus , effect s o f temperatur e increas e an d 
decompression o n the long-ter m incubate d sedimen t core s during ascen t and recovery wer e 
corrected (Greef f et al., 1998). 
Immediately after recover y o f the lander the cores were sectioned and the incubatio n 
was stopped. The upper 0-5 c m were sectione d int o 1  cm segments , the following 5-1 5 c m 
into 2 cm segments, and the remaining core into 5 cm segments. The metaboli c activity was 
terminated b y fixing th e sedimen t slice s i n 20 m l o f 20 % zinc acetate . Th e fixe d sedimen t 
samples were kept at 4° C before processing in laboratory. 
3.13.5 Laboratory measurements 
In orde r t o evaluat e potentia l difference s betwee n in  situ  an d laborator y rates , sulfat e 
reduction wa s als o determine d i n th e la b usin g a  whole-cor e 35 S042" incubatio n metho d 
(Jorgensen, 1978) . Three undisturbe d subcore s (sam e diamete r a s the in  situ  cores ) wer e 
sampied from freshiy collecte d sedimen t core s obtaine d b y a  multipl e core r deployed a t the 
same location s a s th e lander . Immediatel y afte r subsampling , th e core s wer e injecte d 
horizontally wit h 1 0 |nl tracer Solutio n ( ~ 15 0 kB q 35 S042" pe r injectio n throug h silicon e fille d 
ports a t 1  c m intervals) . Th e subcore s wer e incubate d fo r th e sam e tim e a s th e in  situ 
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sediment core s i n the dark a t in  situ  temperatures. At the end o f incubatio n the core s wer e 
sliced an d sulfat e reductio n wa s stoppe d i n th e sam e wa y a s th e core s fro m th e benthi c 
lander LUISE . At al l station s in  situ  and laborator y SR R wer e calculated  fro m tw o o r thre e 
replicates (excep t Stn. 7 and 8 where we only obtained one laboratory an d one in  situ core). 
Additional cores were taken for sulfate and porosity determination. 
All laborator y an d in  situ  SR R wer e determine d usin g a  Singl e ste p aci d Cr - I I 
distillation metho d t o volatiliz e an d tra p th e tota l reduce d sulfu r specie s (Fossin g an d 
Jorgensen, 1989) . To avoid foaming due t o th e amoun t o f calciu m carbonat e (Mytilus-  an d 
Modiolus Shells) , 6 N HCL was added to the reaction flask instead of 12 N HCL typically use d 
for thi s reaction . Th e H 2S evolve d fro m th e tota l reduce d inorgani c sulfu r (TRIS ) wa s 
precipitated i n 5 % ZnAc . Afte r distillation , th e Zn S Suspensio n wa s mixe d wit h scintillatio n 
fluid (Ultima Gold XR, Packard) and counted in a liquid scintillation counter . Sulfat e reductio n 
rates were calculated according to Jorgensen (1978). 
3.1.3.6 Sulfate and total reduced inorganic sulfur  (TRIS) 
Porewater fo r geochemica l investigation s wa s squeeze d ou t o f th e sedimen t wit h a 
porewater press. Sulfate was measured in zinc-preserved porewater s by non-suppressed io n 
chromatography (Waters , 10 0 \x\  injectio n volume) . Th e flow rat e wa s 1, 0 m l min" 1 and th e 
eluent was 1m M isophthalate buffe r i n 10% methanol, adjusted to pH 4,7 with saturate d Na -
borohydrate Solution. 
3.1.3.7 Analysesof CNS 
Total carbon , nitroge n an d sulfu r wer e measure d i n a  CNS-analyse r (Fision s N A 1500 , 
Series 2) by flash combustion (e.g . Verado et al., 1990). For determination o f organic carbo n 
the sample s wer e weighe d int o a  silve r Containe r an d pretreate d wit h 6  N  HC L t o dissolv e 
inorganic carbonate (C totai- Corganic  =  Ccgrtonate)- Afte r drying, the samples were measure d the 
same wa y a s th e sample s fo r tota l CN S determination . Sulphanilamid e wa s use d a s a n 
analytical CNS-standard. 
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3.1.3.8 Water column data 
Water sample s wer e collecte d b y a  rosett e wate r sample r an d hydrographi c parameter s 
(temperature, salinity and pressure) were simultaneously measured by a CTD (Sea-Bird SBE 
19) a t Station 1  to 3 , 5 , 7 , 8  along the transec t an d Stn . H  (hydrography Station) . Oxygen , 
nitrate, sulfid e an d methan e wer e measure d onboard . Immediatel y afte r recovery , th e 0 2 
concentration i n th e wate r sample s wa s determine d b y Winkle r titratio n (Stricklan d an d 
Parson, 1972). Sulfide was determined photometrically from Zn-preserved samples using the 
methylene blu e metho d (Cline , 1969) . Nitrat e wa s measure d afte r reductio n t o nitrit e wit h 
spongy cadmiu m i n sample s buffere d a t p H 8. 5 an d nitrit e wa s analyze d colorimetricall y 
(Jones, 1984). 
3.1.4 Results 
3.1.4.1 Sediment description/Shelf  stations 
The shel f Sediment s (Stn . 1-4 ) were typicall y a  ligh t gray , occasionall y greenish , sof t mu d 
with a  superficial fluff y laye r o r fluffy aggregate s (0-2. 5 cm ) o f yellow-brownish color . Ther e 
were found numerous Shells of dominantly Mytilus  galloprovinciales  a t Stn . 1 and dominantly 
Modiolus phaseolinus  a t Stn . 2  an d 3  (se e Kiseleva , 198 1 an d Ries s e t al. , unpublishe d 
manuscript). Livin g specie s wer e onl y foun d i n th e to p 2  c m o f sediment . Th e underlyin g 
sediment dow n t o 25 c m depth consiste d o f gray-brow n claye y mu d wit h abundan t musse i 
Shells. At Stn . 4, th e sediment surfac e was a  gray, sof t mu d at the sedimen t surfac e wit h a 
thin oxidized layer (yellow-brownish color ) and empty Shells of Modiolus phaseolinus.  A t thi s 
water dept h (13 0 m ) meiofaun a wa s predominant . Belo w 2 5 c m dept h a t Statio n 1- 4 th e 
sediment was a gray, sometimes greenish clay with broken Shell s of Mytilus  and Modiolus.  I n 
the gray subsurfac e sedimen t o f Stn . 4 between 2 5 and 3 0 cm depth broke n Shell s o f fres h 
water molluscs (Dreissenaspp.)  wer e observed. Riess et al. (unpublished manuscript ) found 
a significant decrease of macrofaunal biomass from 2000 g m"2 at Stn. 1  to 15 0 g m"2 at Stn. 
3. 
The sediment o f Station 0 near the oi l drilling platform Gloria differe d from that of the 
transect stations . A brownish, oxidized fluffy laye r covered a soft black mu d which reache d a 
depth o f 1 0 cm . Belo w thi s dept h th e sedimen t wa s mor e Consolidate d an d consiste d o f 
clayey mu d o f differen t shade s o f blac k an d gra y mu d wit h abundan t Shell s o f Mytilus  spp . 
The benthos was not identified at this Station. 
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3.1.4.2 Slope and deep sea stations 
Laminated Sediment s wer e observe d o n th e slop e a t Stn . 5  (18 1 m  wate r depth ) an d a t 
deeper stations . Brownish-gra y o r blac k fluf f (0- 3 cm ) overla y a  blac k sof t mu d (1- 5 cm) , 
which becam e more greenish towards 1 0 cm depth . The sedimen t structure an d colo r was 
different betwee n lande r an d multipl e core r sedimen t cores . Belo w 1 0 cm sedimen t depth , 
the cores became more heterogeneous consisting o f soft laminated sediment with thin layers 
of a  gray clay penetrated with Shells a t 26 and 3 4 c m belo w th e sedimen t surface . Porosit y 
decreased significantly belo w 20 cm (end of the varved sediment) from 0.86 to 0.68 a t 45 cm 
depth. 
At Stn . 6, 7  and 8  we observe d finel y laminate d coccolit h ooz e (Ros s an d Degens , 
1974; Hay, 1988 and Lyons, 1991) covered by a thin (0-1.5 cm) dark-gray fluffy layer , except 
Stn. 7  which ha d a  2- 3 c m thick whitish , gelatinou s surfac e layer . Th e whol e core s ha d a 
sulfidic smell . A t Stn . 6  an d 7 , th e ligh t an d dar k laminate d sedimen t wa s ver y sof t bu t 
cohesive and persisted over the whole core length of 55 cm. The sediment cores from Stn. 8 
also consiste d o f ligh t an d dar k laminae , bu t showe d a  shar p boundar y a t 3 0 c m sedimen t 
depth. Belo w thi s depth , a  non-laminate d dark-brow n laye r o f organic-ric h mu d (wate r 
content between 80 and 83%) with an organic carbon content up to 13% (dw) occurred. 
3.1.4.3 Hydrographie conditions 
CTD data from Stn . 5 (Fig . 2), depict the stratifie d water column . Temperature was constan t 
(19.6° C) to 22 m water depth , then dropped steepl y t o reac h a  minimum of 7.1 ° C  at 70 m 
(see also Tolmazin, 1985a) . Salinity increase d from 18.3 %o in the surface water to 20.6 %o a t 
150 m  water depth . Maximu m concentration s o f oxyge n (328. 9 umo l I" 1) appeare d a t 2 6 m 
water depth, then decreased to the detection limi t a t 14 0 m water depth. Nitrate had a broad 
maximum o f 10. 4 umo l I"1 at 90-100 m water depth and dropped to zero at 140-15 0 m  water 
depth. 
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Fig. 2: Hydrographie profiles at Stn. 5 (181 m) where the sea floor was below the oxic zone. 
3.1.4.4 Oxygen uptake (TOU and DOU) in shelf Sediments 
Because o f th e dens e pavemen t o f mussel s o n th e shelf , onl y a  few , incomplet e in  situ 
microprofiles o f oxygen wer e obtaine d i n Sediments o f Station s 1  to 4. Oxyge n i n the near -
bottom water was detectable onl y at Stations 1  to 4 (62 to 13 0 m) whereas a t Stn. 5 (181 m) 
no traces of oxygen were detectable . Electrod e reading s from the profilin g an d the Chambe r 
lander (dat a no t shown) indicate d that a t Stn. 4 oxygen conten t wa s extremel y lo w a t a  few 
umol I'1 or zero indicatin g tha t the transition zone betwee n oxi c an d anoxic conditions i n the 
near-bottom water was littl e below 13 0 m but above 18 1 m water depth (Tabl e 1  and Fig . 2). 
Diffusive (DOU ) and total (TOU ) oxyge n uptak e rate s were caiculated . The DO U decrease d 
from 11. 9 (Stn . 1 ) to 2. 3 mmo l m" 2 d"1 (Stn . 3) . DIC-fluxe s wer e simila r t o th e tota l oxyge n 
fluxes a t Statio n 1  an d 2 . Th e tota l oxyge n uptak e rate s wer e 2- 3 fol d highe r tha n th e 
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diffusive oxyge n uptak e rates . Bot h tota l an d diffusiv e oxyge n uptak e rate s decrease d wit h 
increasing water depth (Table 2). 
Table 2 . Tota l (TOU ) an d diffusiv e (DOU ) oxyge n uptak e an d dissolve d inorgani c carbo n 
(DIC) fluxes at shelf and slope stations along the transect (n.d. = no data). 
Station/ 
water depth (m) 
TOU DOU 
(mmol m d  ) (mmol m' d' 1) 
DIC-flux 


























3.1.4.5 Sediment sulfate reduction rates 
Sulfate reductio n wa s measure d i n bot h shipboar d an d in  situ  incubation s t o evaluat e 
Potential difference s cause d b y transien t warming , decompression , an d othe r factor s 
associated with Sediment handling during laborator y incubations . Sulfate reductio n rate s are 
presented i n Fig. 3, 4 and 5. The fluffy surfac e laye r of sediment from Stn. 1  obtained by the 
benthic lande r LUIS E wa s slightl y disturbed , a t Stn . 2  an d 3  th e surfac e laye r wa s lost , 
whereas subcores from the multiple corer were largely undisturbed. 
The profile s sho w severa l mai n characteristics : (a ) SR R i n shel f Sediment s ar e 
significantly higher  than in deep basin Sediments, (b) I n shelf and upper slope Sediments the 
peak rate s were found below the sediment surface , whereas the sulfate reductio n maximu m 
in deep basi n Sediments wa s found a t the sedimen t surface . (c ) SR R rate s decrease d wit h 
sediment dept h an d wit h wate r depth . (d ) Excep t Stn . 5  an d 6  an d 7  in  situ  SR R wer e 
significantly lowertha n shipboard measured SRR. 
Laboratory an d in  situ incubated sedimen t core s from the shel f ha d maximu m sulfat e 
reduction a t 1- 3 c m belo w th e sedimen t surfac e (Fig . 3  and 4) . Laborator y maxim a range d 
from 1 4 (Stn. 3) to 41 nmol cm"3 d"1 (Stn. 0, Fig . 3). In situ rates showed average values o f 5 
(Stn. 3) and 1 4 nmol cm"3 d"1 (Stn. 4). A clear difference was found between laborator y and in 
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situ incubation s a t Stn . 1 , 2  an d 3 . Sulfat e reductio n rate s differe d u p t o 4-fol d (Fig . 4) . 
Station 5 revealed much higher SRR than the neighbouring stations 4 and 6 with in  situ rate s 
of 43 nmol cm"3 d"1 and laboratory measure d rates of 23 nmol cm"3 d"1. Below the chemoclin e 
(Stn. 6-8), in situ SRR at the sediment water interface showed mean vaiues of 4-10 nmol cm' 
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Fig. 3 : Sulfat e reductio n rat e an d cumulativ e SR R vs . sedimen t dept h a t Stn . 0  o n th e 
Romanian shelf nearthe oi l drilling platform Gloria. 
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Fig. 5: Sulfate reduction rate s vs. sediment depth from Stn. 5-8. Profile s o f Stn. 5 {in  situ and laboratory),  in  situ  incubated core s o f Stn . 6 
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Stn. 6 and in situ incubations of Stn. 7 were determined o f a mean value o f two sediment cores . Laboratory incubatio n o f Stn . 7 and in  situ 
incubation of Stn. 8 are represented by one core. 
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Depth integrate d rate s o f SR R betwee n 0  an d 1 5 c m (Fig . 6 ) measure d shipboar d 
showed a  significan t decreas e fro m 1.9 7 mmo l m" 2 d" 1 a t 5 2 m  dept h (Stn . 0  oi l drillin g 
platform Gloria) to 0.61 mmol m"2 d"1 (Stn. 4, shel f edge) a t 130 m depth on the shel f break , 
in situ rates decreased from 0.49 (Stn . 1) to 0.24 mmo l m"2 d"1 (Stn. 4). The area l rates at the 
oxic-anoxic transitio n (Stn . 5 ) wer e significantl y highe r 1.0 4 mmo l m" 2 d" 1 (laborator y 
incubation )  and 1.54 mmol m"2 d"1 {in situ incubation) . Areal rate s o f sulfate reductio n i n the 
sulfidic zone at Stn. 6 and 7 were almost identica l (0.42-0.5 6 mmo l m' 2 d"1) except the area l 
rates of in situ and laboratory incubation s at Stn. 8 (0.22-0.68 mmol m"2 d"1). Below 12-15 cm 
sediment depth, SRR decreased to 3 nmol cm"3 d" 1 or less in al l sediment cores from Stn. 0 
to Stn . 8 . Sulfat e reductio n was no t limite d b y sulfat e i n the top 1 5 cm, because ther e wa s 
only little decrease in sulfate concentrations (data not shown). 
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stations 0-8. Error bars show Standard deviations of the mean (n=3). Areal rates without error 
bars were caiculate d from mea n value s o f tw o core s (Stn . 0, 4 , 6  an d 7 ) o r fro m onl y on e 
core (laboratory Stn . 7 and in situ Stn. 8). 
0 
Station 1  (% dw ) 
5 1 0 1 5 
0 
5 
o 1 0 + 




c 2 0 + o 
E 









Station 2  (% dw ) 
5 1 0 1 5 
Station 3  (% dw ) 
5 1 0 1 5 2 0 0 
0 
Station 4  (% dw ) 
5 1 0 1 5 
Station 5 
5 1 0 1 5 2 0 2 5 
— 1 0 
E 
o 
f 2 0 + 





§ 3 0 
•o 









10 1 5 2 0 2 5 
Station 7 
5 1 0 1 5 2 0 2 5 
Station 8 






















• Sto t 




3.14.6 Carbon, sulfur and nitrogen 
Depth profile s o f organi c carbon , carbonat e carbon , tota l sulfu r an d atomi c ratio s o f C 0fg:N 
are presented for Stn. 1-8 (Fig . 7). At the shelf stations 1-4 a significant amount of carbonate 
carbon was measured (u p to 10 % dw a t Stn. 2) due to abundant Mytilus  spp. and Modiolus 
spp. Shell s a t th e sedimen t surface . Carbonat e carbo n decrease d significantl y i n surfac e 
Sediments at Stations 1  and 4. Organic carbo n concentration s varie d from 1  to 3% (dw) . I n 
contrast to the shelf stations, the Corg concentrations were significantly highe r in the sediment 
of Stn. 5-8 and achieved peak values of ~ 13% dw at a depth of 35-40 cm at Stn. 8. 
In comparison to Stn. 1-4, where total sulfur concentrations were below 0.3 % (dw) or 
at th e detectio n limit , significan t sulfu r concentration s wer e measure d a t Stn . 5  t o 8 . Th e 
average sulfu r concentrations measure d ove r the whole sedimen t core s o f Stn . 5 to Stn . 8 
varied between (0. 2 an d 1. 2 %  dw). Highes t sulfu r concentrations (2.7 % dw) were found a t 
Stn. 8  at 35-40 cm depth. Depth profile s o f nitroge n concentration s showe d averag e value s 
of 0.14 % d w t o 0.3 % d w (dat a no t shown) . Atomi c ratio s o f C 0^:N wer e constan t wit h 
sediment depth except at Stn. 5, where the ratio increased at 5  cm depth from 1 5 to 20 (Fig. 
7)-
C:N atomic rati o 
10 1 5 2 0 
2500 
Fig. 8: Atomic C 0fp:N ratios (mea n for 0 to 5 cm sediment depth ) o f Stn. 1-8 vs . water depth. 
The curv e show s a n exponentia l fi t throug h th e data . Th e ratio s wer e calculated  fro m C 0/p 
and N values obtained by CNS analysis. 
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A plot of average atomic C0fg:N ratios of Stn. 1 to Stn. 8 versus water depth revealed 
an increase from 12 to 17 (Fig. 8). In Figure 9, Cory and total sulfur data (obtaine d by CNS 
analysis) were plotted for stations above and below the chemocline. The two data sets differ 
by a substantially Iower sulfur to carbon ratio in the oxic shelf Sediments in comparison to the 
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Fig. 9 : Organic carbo n an d total sulfu r concentration s o f Blac k Se a Sediment s above and 
below the chemocline (data from Stn. 1-8). The solid lines show linea r regressions through 
the two data sets. The data were obtained by CNS analysis. 
3.1.5 Discussion 
3.1.5.11n situ and laboratory measurements ofsulfate reduction 
During this cruise it was the first time in situ SRR were obtained from Black Sea Sediments. 
A comparison o f laborator y measure d SRR with rate s of in  s/fu-incubated sediment cores, 
showed significan t differences . Area l in  situ  SR R wer e generall y Iowe r tha n laborator y 
measured SRR, except areal rates at Stn. 5 and 6. The differences are mos t significant at 
the shelf stations where in situ incubations were 58-80% Iower than the laboratory shipboard 
incubations (Fig . 5) which i s may be due to temperature effects on laboratory core s during 
recovery, and other factors associated with sediment handling during laboratory incubations, 
or the disturbance of the loose texture of the sediment surface at Stn. 2 and 3 by the benthic 
lander. Difference s betwee n in  situ  and laborator y incubation s a t Station s 6- 8 belo w th e 
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chemocline are in a ränge from 4 to 32% . A lon g incubatio n time and a relatively analogou s 
quality o f organi c matte r belo w th e chemoclin e i s ma y b e responsibl e fo r lesse r varianc e 
between laborator y an d in  situ  cores . Excep t Stn . 2  an d 3  wher e th e surfac e laye r wa s 
obviously disturbe d i t can b e assumed tha t th e difference s betwee n in  situ  an d laborator y 
incubations a t the other transect stations were no t caused by sampling of the benthi c lande r 
but most likely by recovery and handling artefacts of laboratory cores. 
The explanatio n fo r difference s betwee n in  situ  an d shipboar d measure d rate s o f 
sulfate reduction are still not clear (Jannasch and Wirsen, 1982; Jannasch an d Taylor, 1984 ; 
Parkes e t al. , 1995) . Recen t wor k o n pressur e dependenc e o f sulfat e reductio n o n th e 
continental slop e of f Nort h Carolin a (Marten s e t al. , 1998 ) o r Angol a (Ferdelma n e t al. , in 
press) a t wate r depth s o f 75 0 an d 350 0 m  respectively , showe d n o systemati c difference s 
between in  situ  an d shipboar d incubations . I n comparison , th e samplin g station s o n th e 
Romanian shel f ha d water depths o f P  130 m  only, and pressure effects are , therefore , no t 
likely, whereas i t i s quite possibl e tha t difference s a t St n 7  and 8  (117 6 and 204 5 m  water 
depth) could be caused by decompression and temperature increase during recovery . 
Temperature, i s the secon d facto r whic h ma y enhanc e sulfat e reductio n i n subcore s 
for shipboard incubations . The exposure time to surface water and atmospheric temperature 
of subcore s fo r shipboar d incubation s wa s 1- 2 h  durin g retriva l o f th e multipl e core r an d 
subsampling. Thes e subcore s wer e subsequentl y preincubate d fo r temperatur e adjustmen t 
in the dark at in situ temperature. I n comparison to the doubling time (11-2 5 h ) of mesophili c 
sulfate reducer s (Widde l an d Pfennig , 1981 ; Brysc h e t al. , 198 7 an d Lie n e t al. , 1998) , 
exposure tim e i s probabl y to o Shor t t o increas e bacteria l populatio n significantl y b y 
temperature increase . 
Another reaso n for widely differing in  situ and laboratory SR R at shel f Station s 2 and 
3 i s the loos e texture o f the sediment which i s particularly susceptibl e fo r disturbance durin g 
a sampling procedure by a benthic lander, like LUISE. The most likely explanation is , that the 
surface laye r o f the sediment a t Stn. 2 and 3  was suspended b y the bow wave o f the lande r 
as i t touched the sea floor. I n comparison to the multiple corer sediment cores about 1  to 2.5 
cm surface sedimen t was slightly dispersed (Stn . 1) or lost (Stn . 2 and 3) . The in situ  sulfate 
reduction rate s a t Stn . 2 and 3  showed n o subsurfac e maximu m a t 1- 3 c m sedimen t dept h 
(Fig. 4). 
The sinkin g rat e of ~ 1. 0 m  s'1 with 1 2 glass spheres o f the lande r LUIS E (Greef f e t 
al., 1998 ) wa s mos t likel y to o fas t an d th e impac t o n th e se a floo r cause d a  seriou s 
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disturbance o f th e surfac e sedimen t wit h it s loos e texture . T o reduc e thi s effec t a s fa r a s 
possible, the benthi c lande r was equippe d wit h thre e furthe r glas s sphere s t o increas e th e 
bouyancy an d to obtain a  Iower sinking rat e o f 0. 7 m  s"1. This seems to b e a  more suitable 
sinking rat e becaus e th e sedimen t surfac e o f Stn . 1  was onl y slightl y disperse d an d n o 
differences i n stratificatio n o f th e surfac e layer s betwee n subcore s fro m th e multipl e core r 
(we assume undisturbed coring ) and sediment core s obtained b y the lande r LUISE at Stn. 4 
were observed . Comparing the sediment cores from Stn . 5 to 8 there were n o differences i n 
stratification betwee n multiple corer and lander cores may be due to the cohesiveness o f the 
laminated Sediments. 
Station 5  does not fit with the overal l trend o f Iower in  situ  than laborator y rate s (Fig. 
6). Th e difference s betwee n in  situ  an d laborator y rate s coul d b e explaine d b y latera l 
heterogeneity, a s indicate d b y th e differen t structure s o f th e uppe r 1 0 c m o f sedimen t 
obtained by the multiple corer and the lander . The lande r cores had a black fluffy laye r of up 
to 3  cm thickness (Fig . 5 ) an d a  clayey , greenis h underlyin g mu d wit h laminate d sedimen t 
below a sediment depth of 1 0 cm, whereas the sediment from the multipl e corer had a gray-
brownish 1- 2 c m thic k fluff y laye r wit h laminate d sedimen t immediatel y below . Becaus e o f 
sediment heterogeneit y ther e ar e probabl y als o difference s i n organi c matte r compositio n 
between samplin g sit e o f th e lande r an d th e multipl e core r whic h ma y caus e a  significan t 
difference in SRR. 
Sediment fro m Stn . 6- 8 wa s ver y homogeneous , th e surfac e layer s wer e no t 
disturbed b y eithe r samplin g procedure , an d w e observe d onl y littl e differenc e betwee n in 
situ and laboratory SRR . At Stn . 8 only on e in  situ  cor e was obtained b y the benthi c lander , 
with a n area l rat e which was 3-fol d Iowe r than th e laborator y rat e o f 0.69 mmo l m" 2 d"1. We 
assume th e differenc e i s du e t o effect s o f increasin g temperatur e an d decompressio n o n 
sediment core s durin g recovery . I t i s als o know n tha t sedimen t i s ver y simila r a t differen t 
Sites i n the anoxi c basi n (Lyons , 1991 ) bu t apparently th e quality o f Substrate availabilit y a t 
the sea floor may differ between stations at the same depth. 
3.1.5.2 Comparison ofsulfate reduction  rates 
Sulfate reductio n rate s i n Blac k Se a Sediment s measure d i n this an d durin g earlie r studie s 
are compare d i n Tabl e 3 . The station s wer e selecte d accordin g t o comparabl e wate r dept h 
and fro m th e weste m par t o f th e Blac k Sea . Sulfat e reductio n wa s measure d b y Soroki n 
(1962) who mixed 35S042" into the sediment. Hi s results obtained from deep basi n Sediments 
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were i n th e räng e o f 0.0 4 t o 0.6 8 mmo l m" 2 d" 1. Thes e SR R o f thre e location s wit h 
comparable water depth in the north western part of the Black Sea were similar to our results 
obtained at Stn. 5, 6 and 8 (Table 3). 
Later measurement s fro m location s i n th e wester n par t o f th e Blac k Se a wer e 
presented by Vaynshteyn et al. (1985) and Lein et al. (1986 and 1990) . Their measured rates 
in surfac e Sediment s were partl y highe r tha n ou r dat a obtaine d fro m laborator y an d in  situ 
incubations i n the norther n par t o f th e Romania n shel f (Stn . 0-4) . I n Sediment s belo w th e 
chemocline the y obtaine d pea k rate s o f <  2  nmo l cm" 3 d" 1 a t th e sedimen t surface . B y 
comparison with our results from deep water stations their rates were up to 4-fold lower. Lein 
et al. (1986) investigate d sedimen t on the Bulgarian shel f with area l rate s i n a ränge of 0.0 2 
to 1 0 mmo l m" 2 d" 1. Alber t e t al . (1995 ) measure d suifat e reductio n i n Sediment s from tw o 
stations in the central part of the Black Sea and found a maximum of about 20 nmol cm"3 d"1 
in the fluffy layer . These rates are consistent with our rates in the fluffy laye r of three cores in 
a ränge from 1 9 to 27 nmol cm" 3 d"1 at Stn. 8 (2045 m water depth) . The mea n area l rate of 
Albert e t al . (1995) o f 1.3 7 mmo l m" 2 d"1 (0-20 cm) i s 2-fold higher  than ou r laborator y area l 
rate (0-15 cm) of 0.68 mmo l m" 2 d"1 and about 6-fold highe r than ou r in  situ depth integrate d 
rate (0-15 cm) of 0.22 mmol m"2 d"1 at Stn. 8 (Table 3). 
Table 3. Comparison of areal sulfate reduction rates (0-15 cm) obtained in this study (all data are laboratory rates) with previously published 

































































































3.15.3 The  importance of suifate reduction as  an anaerobic mineralization pathway in  Black 
Sea Sediments 
The tota l oxygen uptak e (TOU ) measure d in  situ  by a benthic Chamber lande r was use d for 
the quantification o f mineralization i n the oxic shel f Sediments. We make the assumption that 
TOU represent s th e tota l Cory consumption i n Sediments i s approximately equivalen t t o th e 
total organic carbon oxidation to EC02 (Canfield et al., 1993 , Glud et al. , 1994 , Ferdelman et 
al., in press) in high bottom water 02 concentrations . 
In additio n t o th e direc t consumptio n o f oxyge n b y organotrophi c respiration , TO U 
also represent s oxidatio n o f reduce d Compound s fro m anaerobi c processe s (Jorgense n 
1982; Canfield et al. , 1993). Assuming that the buria l o f reduced sulfu r Compounds , and the 
benthic flu x o f H 2S are negligible , th e dept h integrate d SR R ca n b e compare d wit h TOU -
fluxes an d th e importanc e o f suifat e reductio n i n tota l carbo n oxidatio n ca n b e caiculated 
(Table 4) . The rol e of denitrification in Sediments within the nitrat e maximu m zone betwee n 
90 an d 10 0 m  water depth (Fig . 2) i s not known . However , w e assume tha t th e pathwa y o f 
denitrification i s negligible at the Romanian shelf because nitrate concentrations are very low 
as in many other coastal environments (Sorensen et al., 1979) . 
Aerobic mineralizatio n wa s dominating over suifate reductio n o n the Romania n shel f 
where the water column was oxic to a depth of 130 m. At Stations 1  and 2 the degradation of 
organic materia l via suifate reduction contributed littl e to total carbon mineralizatio n (Tabl e 4) 
although these stations ha d the highes t suifat e reductio n rates . With increasin g wate r dept h 
suifate reductio n becam e relativel y mor e importan t althoug h th e rate s decreased . Th e 
availability an d qualit y o f organi c matte r whic h reache s th e se a floo r fo r bacteria l suifat e 
reduction becam e wors e becaus e o f it s progressin g decompositio n i n th e wate r colum n 
(Suess, 1980 , Ü0rgensen, 1996) . Th e proportio n o f suifat e reductio n i n compariso n t o tota l 
carbon mineralizatio n increase d fro m 5. 6 (Stn . 1 ) to 46.5% a t Stn . 3  (Tabl e 4) . Becaus e o f 
decreasing oxygen concentrations suifat e reductio n i s increasing and organic matte r i s more 
and mor e mineralize d by anaerobic bacteria l processes . At Stn . 4 the importanc e o f suifat e 
reduction i n tota l carbo n oxidatio n ca n onl y b e estimate d becaus e oxyge n wa s presen t i n 
very low concentrations (<•  5 umol I"1) n o DOU and TOU fluxes could be caiculated. Instead of 
macrofauna, a  hig h densit y o f nematode s wer e presen t i n th e sedimen t (Ries s e t al. , 
unpublished manuscript ) which als o contribute d t o tota l carbo n oxidation . Statio n 4  ha d stil l 
no sulfide-flu x ou t o f th e sediment , whic h mean s tha t reduce d sulfu r Compound s wer e 
reoxidized by oxygen, iron-, and manganese oxides. 
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Table 4 . Changes of total oxygen uptake (TOU ) and sulfate reductio n rate s (SRR) within the 
transect fro m Stn . 1  t o 8 . Th e importanc e o f sulfat e reductio n (SR R %  o f tota l 
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The differenc e betwee n TO U an d carbo n oxidatio n couple d t o sulfat e reductio n 
corresponds t o carbo n oxidatio n b y oxyge n respiration , Mn reductio n an d F e reduction . Fo r 
stations 1-4 , sedimen t iricubation s wer e performe d durin g th e cruis e t o estimat e th e 
contributions o f M n an d F e reductio n usin g th e approac h o f Canfiel d e t al . (1993 ) an d 
Thamdrup an d Canfiel d (1996) . Thes e incubation s showe d tha t sulfat e reductio n wa s th e 
only significan t carbo n oxidizin g proces s belo w 1  cm depth i n the Sediment s (B . Thamdrup, 
pers. comm.) Above this depth, both Mn and Fe oxids were available i n high concentrations , 
and could serve as terminal electron acceptors . The exac t quantification o f these respiratio n 
in the surface sediment i s hampered by the spatia l resolution of the assay, and by carbonat e 
precipitation whic h preclud s th e determinatio n o f tota l carbo n oxidatio n rate s fro m th e 
accumulation of dissolved inorganic carbon. Preliminary caiculation s indicate that M n and Fe 
reduction togethe r coul d b e o f roughl y similar  importanc e t o carbo n oxidatio n a s sulfat e 
reduction a t Stn . 1- 3 an d hal f o f th e contributio n fro m sulfat e reductio n a t Stn . 4  (B . 
Thamdrup, pers . comm.) . Thus, oxygen appears to be the mos t importan t electro n accepto r 
at Stn. 1  and 2 . The presence o f H 2S in the por e water a t deeper station s indicate s tha t M n 
oxides an d poorl y crystallin e F e oxides ar e absen t an d M n an d F e reductio n ar e therefor e 
not likely to be of significance in carbon oxidation there. 
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Station 5  does no t fi t to the trend o f decreasin g SR R du e to increasin g wate r dept h 
and reveale d SRR just a s high as the rates measure d a t the shelf . I n this water depth (18 1 
m) we found anoxi c conditions . I n contrast to the shel f station s wher e oxygen respiratio n i s 
the main process for organic matte r oxidation, sulfate reduction a t Stn. 5 was not suppressed 
any mor e b y 0 2 an d SR R ros e u p significantly . A t thi s Statio n a  sulfide-flu x ou t o f th e 
sediment o f 0.2 3 mmo l m" 2 d" 1was modele d whic h i s significantl y Iowe r tha n th e sulfat e 
reduction rat e of 1.5 4 mmo l m" 2 d"1. Consequently , a  major par i o f H 2S produced b y sulfat e 
reduction must have been precipitated by Fe or Mn (mainly FeS and FeS2). 
In comparison to Stn. 5, SRR decreased to a third at Stn. 6 (396 m water depth), may 
be cause d b y Iowe r qualit y an d smalle r amoun t o f availabl e organi c matte r (Suess , 1980 ; 
Jorgensen, 1996) . A maximu m i n water colum n SRR occurre d withi n 20 0 and 30 0 m  water 
depth a t Statio n B S 2  - 2 (Alber t e t al. , 1995 ) an d contribute s t o a  decreasin g qualit y o f 
organic carbo n whic h reache s th e se a floo r belo w th e chemocline . Additionall y increasin g 
atomic C0^:N ratios below the periphery from 12 to 17 (Fig. 8) confirms this theory. 
Below th e chemoclin e ( < 20 0 m ) sulfat e reductio n i s th e dominan t mineralizatio n 
process (Jorgense n e t al. , 1991 ; Jannasch, 199 1 an d Lei n an d Ivanov , 1991) . Laborator y 
SRR at Stn. 6, 7 and 8 were comparable . The environment seems to be more stable than on 
the shel f an d qualit y an d amoun t o f organi c materia l probabl y doe s no t chang e ver y muc h 
between 400 and 2000 m. At these stations a  permanently H 2S-flux out of the sediment wa s 
modeled, which fit s ver y wel l t o th e SR R a t Stn . 7  (sulfid e efflux : 0.4 9 mmo l m" 2 d'1) bu t i s 
Iower at Stn . 6 (sulfide efflux : 0.2 7 mmo l m" 2 d"1) and a  sulfide efflux o f 0.17 mmo l m" 2 d"1 at 
Stn. 8 (J. Zopfi, pers. comm.). At Stn. 8 the sulfide efflux i s comparable to the in  situ SRR of 
0.22 mmol m"2d"1. 
3.1.5.4 Carbon, sulfur, nitrogen relationships 
Atomic ratio s of C0^,:N increased from 1 2 in oxic shel f Sediment s to 1 7 in anoxic deep water 
Sediments (Fig . 8). I n comparison t o the dee p basin , Oom and N  concentrations a t the shel f 
were 2-3-fol d Iowe r tha t i s indicativ e o f th e abilit y o f organi c matte r reachin g th e sedimen t 
(Fig. 7) . A  par t o f th e organi c detritu s wa s mineralize d i n th e wate r colum n (Alber t e t al. , 
1995) which result s i n a  rapi d increas e o f the atomi c C 0^:N rati o withi n th e transitio n zone . 
The main increase occurred between Stn. 5 and 6 (Fig. 8). High concentrations of Com and N 
in th e anoxi c Sediment s ar e a n evidenc e fo r buria l o f organi c carbo n an d lead s t o th e 
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conclusion: organic matter that reaches the sea floor below the chemocline, is only in a small 
amount available for nutrient regeneration by sulfate reduction. 
The buria l rati o o f organi c carbo n t o reduce d sulfu r i n anoxi c Sediment s varie s 
significantly i n different marin e environment s (Berne r an d Raiswell , 1983) . In the Blac k Se a 
carbon an d sulfu r condition s plotte d fo r Stn . 1- 8 defin e tw o differen t environment s o f 
deposition dependin g upo n wate r dept h (Fig . 9) . I n oxi c shel f Sediment s ver y lo w sulfu r 
concentrations (sometime s near the detection limit ) were measured which implies that all the 
reduced sulfid e i s oxidized an d no t burie d i n the sedimen t a s pyrite . I n compariso n to thi s 
Observation hig h sulfu r concentration s u p t o 2. 7 %  wer e measure d i n th e dee p basi n 
Sediments whic h wa s no t surprisingl y an d i s du e t o th e fac t o f a  sulfidi c anoxi c basin . I n 
contrast to the shelf stations sulfur was buried in the sediment controlled by the availability o f 
Fe. 
According to Leventhal (1983 ) the linear regression of a plot of S to, versus C0^ should 
give a  positive intercep t on the S  axi s for an euxini c environment . I n this stud y we found a 
negative intercep t ma y b e du e t o th e hig h amoun t o f residua l carbon . Th e two dat a point s 
plotted on the right end of the regressio n lin e for anoxic Sediments are typica! for a  sapropel 
layer which was observe d a t Stn . 8 below 3 0 c m depth . The linea r regressio n fo r the shel f 
stations gives an intercep t o f a  few tent h o f a  percent sulfu r which wa s i n the räng e of oxi c 
marine data (Leventhal , 1983). 
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3.2 
Bacterial sulfate reduction in hydrothermal Sediments of the Guaymas Basin, Gulf of 
California, Mexico: in situ and laboratory radiotracer measurement s 
A. Weber , B.B . Jorgensen 
Max Planck Institute for Marine Microbiology, Celsiusstr . 1 , 28359 Bremen, Germany 
3.2.1 Abstract 
Depth distribution and temperature dependence o f bacterial sulfate reduction were studied in 
hydrothermal surfac e Sediment s o f th e souther n troug h o f th e Guayma s Basi n a t 200 0 m 
water depth . Ship-board measurement s wer e compare d to in  situ  incubation s employin g a 
new benthi c instrument , ORPHEUS , fro m th e submersibl e ALVIN . In  situ  temperature s 
ranged from 2.8 ° C  at the sedimen t surfac e t o >  130° C  at 3 0 cm depth i n the proximit y o f 
active ven t chimneys . Sedimen t core s recovere d fro m geothermall y heate d mu d wer e 
incubated i n the laborator y a t 3° , 12° , 25°, 35° , 60°, 70°, 80° an d 90 ° C . The pea k rate s o f 
bacterial sulfat e reductio n (255 0 nmo l cm" 3 d"1) were foun d i n surfac e Sediment s (0- 5 cm ) 
covered wit h Beggiatoa  mats . I n th e subsurfac e sedimen t belo w 1 5 c m sedimen t dept h a 
new Substrat e poo l wa s apparentl y availabl e an d th e thermophili c activit y ros e t o a 
subsurface maximu m of 3350 nmol cm"3 d"1. In situ incubations with ORPHEUS als o showe d 
highest sulfat e reductio n rate s i n surfac e Sediment s covere d wit h Beggiatoa  mat s (in  situ 
temperature 11°C) . Hydrotherma l Sediments incubate d i n a temperature gradien t bloc k a t 0-
120° C  reveale d Optimu m temperature s fo r mesophili c t o thermophili c sulfat e reducer s 
between 40°-60° C. In sediment from 15-2 0 cm depth with in  situ temperatures o f 71°-93° C 
thermophilic t o hyperthermophilic sulfate reductio n was found i n the temperature räng e 70°-
90° C and above. 
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3.2.2 Introductio n 
The Guaymas Basin spreading center is situated in the Gulf of California, as part of the plate-
tectonic Syste m along the Eas t Pacifi c Ris e (Curra y e t al. , 1979). In contrast t o othe r deep -
sea ven t sites , the transform fault area i s covered b y sediment with an average thickness of 
100 m (Curray et al., 1982) resulting from pelagic an d terrigenous materia l sedimenting a t a 
rate of >1 mm yr"1 (Curray e t al., 1979). Magmatic intrusions below the thick sedimen t cove r 
drive a n upwar d hydrotherma l flu x whic h penetrate s th e overlyin g porou s sedimen t an d 
maintains a  rechargin g seawate r circulatio n (Gieske s e t al. , 1982 ; Lonsdal e an d Becker , 
1985; Fisherand Becker, 1991) . 
The hydrotherma l fluid s emanat e eithe r diffusiv e throug h th e seafloo r wit h 
temperatures generall y belo w 200 ° C  (Vo n Dam m e t al. , 1985 ) o r fro m mound s an d 
chimneys risin g ove r th e seafloor . Wher e th e fluid s contai n enoug h meta l sulfides , blac k 
smokers ca n b e observe d with emissio n temperatures o f u p to 350 ° C . Durin g th e upwar d 
flux o f the hydrothermal fluids the organic-rich (2-4 % Corv) diatomaceous sediment (Simonei t 
et al., 1979) i s exposed to temperatures o f 200°-250° C  (Einsele et al. , 1980). This result s in 
diagenetic conversion s i n the sedimen t du e to chemica l interaction s betwee n hydrotherma l 
fluids and sediment, such as metal sulfide precipitation and high-temperature pyrolysis of the 
deeper organic-ric h Sediment s (Kawk a an d Simoneit , 1987) . Therma l alteratio n o f th e 
organic matte r generate s petroleum-lik e product s compose d o f aliphati c an d aromati c 
hydrocarbons (Simonei t an d Lonsdale , 1982 ; Bazylinsk y e t al. , 1988) , whic h ar e partl y 
carried t o th e sedimen t surfac e b y th e upwar d hydrotherma l flux . Thi s transpor t make s a 
variety o f Substrate s (e.g . formate, acetate , Propionat e an d lactate ) availabl e fo r microbia l 
degradation within a temperature räng e of 3° to >  100° C (e.g. Simoneit and Lonsdale, 1982; 
Simoneit, 1985) . 
The hydrotherma l Sediment s coverin g th e basi n floo r presen t idea l condition s fo r 
sulfate reduction by mesophilic and thermophilic and even hyperthermophilic microorganism s 
(Jorgensen e t al. , 1990 and 1992 ; Elsgaar d e t al. , 1994) . Th e Sediment s ar e anoxi c t o th e 
surface an d rie h i n H 2S (Jorgense n e t al . 1990) . Th e overlyin g se a wate r i s deplete d i n 
oxygen to a concentration o f 28 uM (Gundersen et al., 1992). The microbial sulfate reductio n 
in the anoxi c surfac e Sediment s o f th e Guayma s Basi n i s controlle d b y stee p temperatur e 
gradients i n the räng e of 3° to >  100°C an d by the availabilit y o f Substrates suc h a s volatil e 
fatty acid s o r aliphati c an d aromati c hydrocarbon s brough t to the surfac e Sediment s b y th e 
circulation of hydrothermal fluid. 
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High methan e concentration s i n th e ho t sedimen t complicat e proces s studie s i n 
retrieved sample s becaus e o f extensiv e methan e ebullitio n a t atmospheri c pressure . 
Consequently, experiment s shoul d optimall y b e don e withou t pressur e release.  W e 
measured sulfat e reductio n unde r in  situ  condition s wit h a  ne w benthi c instrument , 
ORPHEUS. I n parallel , w e carrie d ou t laborator y measurement s o f th e dept h zonatio n o f 
sulfate reductio n i n a  temperatur e räng e fro m 3 ° t o 90 ° C  usin g radiolabele d 35 S042". A 
further goa l was t o stud y th e temperature-dependent activit y o f sulfate-reducin g bacteri a i n 
hydrothermal Sediment s fro m differen t temperatur e zones , usin g a  temperatur e gradien t 
block an d tim e serie s experiment s wit h adde d organi c Substrate s (mixtur e o f formate , 
acetate, Propionate , butyrat e an d lactate) . I t wa s th e objectiv e o f thes e investigation s t o 
determine the magnitude of organic mineralizatio n i n hydrothermal Sediment s and to searc h 
for the upper temperature limi t of bacterial sulfate reduction. 
3.2.3 Methods 
3.2.3.1 Site Deschption 
The Guaymas Basin (Fig . 1) comprises two rif t Valleys, the northern and the southern trough 
separated b y a  transfor m fault . Sedimen t sample s fro m th e souther n troug h wer e take n i n 
April-May 199 8 durin g a  RA / ATLANTIS expedition , voyage 3 , le g 1 8 (Tabl e 1) , employing 
the research submersible DSR/ALVIN (dive series 3203 to 3208). 
In fields o f a  few hundre d Squar e mete r o n th e seafloor , ho t hydrotherma l fluid s ( < 
200° C ) emanat e diffusiv e fro m th e sediment , visibl e b y a  shimmerin g o f th e col d (2.8 ° C ) 
overlying se a water , an d blac k meta l sulfid e precipitate s o r crust s ar e forme d i n th e 
otherwise light-brow n colore d sediment . Additionally , mound s an d chimney s continuousl y 
discharge hot vent fluid with temperatures of up to 350° C. 
Surrounding the chimneys an d the diffuse sites of ho t pore fluid outflow , thick whitis h 
or yellow-orange mat s o f filamentous sulfu r bacteria , Beggiatoa  spp. , grew o n the se a floor . 
The Beggiatoas  obviousl y d o no t tolerate ho t sedimen t surfaces . With th e exception o f on e 
sediment sampl e take n outsid e th e are a o f hydrotherma l influenc e (Stn . 6) , al l core s wer e 
recovered fro m site s i n whic h diffusiv e ho t por e fluid s wer e discharged , formin g vertica l 
gradients from 2.8° C to > 130 °C over a depth of 0-30 cm . Additionally, sediment covered by 
bacterial mat s with moderat e temperature s a t the sedimen t surfac e wer e sampled . Aroun d 
the samplin g site s o n cliffs , mound s an d numerou s chimneys , dens e Beggiatoa  mat s 
occurred in association with colonies of Riftia tube worms. 
Table 1. Dive iocations and samples for sulfate reduction measurements obtained by ALVIN and ORPHEUS 
Station/Dive Nam e of site Positio n Sit e characteristics and kind of measurement 
1 / (3203) Everes t 27N00.76 2 /111 W24.656 dens e Beggiatoa mats, Temp.: 117°C at 35 cm, sediment for whole-core incubations 
2 / (3204) MFO G 27N00.76 4 / 111W24.558 sedimen t partly covered with Beggiatoa mats (~ 100m2), Temp.: 91°C at 35 cm, 
ORPHEUS depioyment {in situ incubation) 
3 / (3205) MFO G 27N00.88 8 /111W24.734 n o Beggiatoa mats in push cores, Temp.: 105°C at 25 cm, sediment for temperature 
gradient block and times series experiments 
4 / (3206) Rebecca' s 27N00.47 1 / 111W24.541 n o Beggiatoa mats in push cores, Temp.: 104°C at 25 cm, sediment for whole core 
Roost incubation s taken 0.5 m left and right of the ORPHEUS depioyment from dive 3204 
5 / (3207) Rebecca' s 27N00.43 5 /111 W24.612 pus h cores with Beggiatoa mats, Temp.: 133°C at 35 cm, sediment for temperature 
Roost gradien t block experiments 
6 / (3208) Rebecca' s 27N00.76 2 /111 W24.656 outsid e the hydrothermal vent area, cold sediment for whole-core incubations 
Roost 
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Fig. 1: Map of the Gulf of California showing the Guaymas Basin dive area (X) 
3.2.3.2 Sediment sampling 
In situ incubations with the benthic incubation instmment  „ORPHEUS" 
In situ  radiotrace r measurement s o f sulfat e reductio n wer e carrie d ou t wit h a  ne w benthi c 
incubation System , ORPHEUS, designed for radiotrace r experiment s in the sea-bed (Fig . 2). 
The lander  ma y b e deploye d t o incubat e Sediment s in  situ  i n shallo w wate r o r dow n t o a 
depth o f 6000 m . I n contras t t o classica l free-falling lande r System s (Reimers , 1987 ; Janke 
and Christiansen, 1989; Tengberg et al., 1995; Greeff et al., 1998) fordeep sea research , the 
instrument was positioned directly on the site by a submersible (an ROV could also be used). 
ORPHEUS is supported by an aluminum frame measuring 60 cm x 60 cm and has an 
overall heigh t o f 20 0 cm . Withou t buoyancy , th e instrumen t weigh s 7 0 k g i n water . Th e 
mechanical principl e o f th e incubatio n instrumen t i s similar  t o th e benthi c lander  LUIS E 
(Greeff e t al., 1998). The frame carries a central uni t with the injection System. A drive moto r 
(80 W) situate d within the aluminum frame simultaneously lowers three cor e tubes fixed to a 
moveable POM plate into the sediment (max . 40 cm). The three polycarbonat e cor e tubes of 
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62 mm (I.D.) and 50 cm long are sealed by a piston at the top and are resistant to heat up to 
138° C . I n eve n hotte r an d corrosiv e Sediments , suc h a s i n th e Guayma s Basin , th e 
polycarbonate tube s can b e replace d with titanium. After th e core s reac h thei r en d positio n 
controlled b y reed-typ e Switche s whic h interrup t th e powe r suppl y fo r th e driv e motor , 
canulas for tracer injection are driven each b y smal l injection motor s into the core tube. The 
motion o f th e injectio n moto r i s couple d t o a  pisto n movin g th e plunge r o f a  syring e 
containing the radiotracer . Thus the tracer i s injected continuously int o the Sediment through 
the descendin g canula . (Greef f e t al. , 1998) . Durin g th e pre-programme d incubation , core s 


















Fig. 2 : Th e ne w benthi c incubatio n instrumen t ORPHEU S fo r in  situ  radiotrace r 
measurements, which was deployed by ALVIN. 
Subsequent to coring and incubation o f the three sediment cores , these are retracte d 
up int o th e fram e an d tightl y seale d b y a  cor e catche r a t th e bottom . ORPHEU S i s als o 
equipped with a  sensor to measur e th e in  situ  temperature gradien t i n Sediments a t 1 0 mm 
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resolution. The sensor ma y be replaced b y a fourth core tube. A weight limi t of 45 k g under 
water shoul d no t b e exceeded when the instrumen t i s operated b y the submersible , du e t o 
the limited load-bearing capacity o f the ALVIN manipulator . Fo r this reason , ORPHEUS wa s 
equipped wit h fou r buoyanc y slabs . Tw o 1 7 -  A h batteries , kep t i n a  Perspe x bo x wit h 
pressure compensation, supply the electronic part s (24 V) and the motors (12 V) with powe r 
for approximately 30 hours. 
The programming o f the instrument by Computer operates with a multi-step sequentia l 
routine, i.e . after a  pre-set time interva l the core tubes are driven int o the sediment , then the 
tracer i s injected, and the filled core-liner s ar e retracte d int o the frame an d seale d afte r th e 
incubation time i s over. An even t contro l mechanis m was introduce d b y which intervention s 
can b e made a t an y time i n this programmed schedule b y pressin g a  "star t button " (Fig . 2) 
with the manipulator arm of the submersible ALVIN. It is thus possible to jump program steps 
if required , e.g. to reduce the time before injection . A Status lamp,  a red light-emitting diode, 
goes on for 10 seconds prio r to each new program step and indicates whether the procedur e 
has started. This makes it possible to follow the sequence of events by watching the program 
Performance from the submersible. 
In the dive expeditio n t o the Guaymas Basin , ORPHEUS wa s no t transported t o the 
seafloor by ALVIN, but was launched one hour prior to the ALVIN dive as a free-falling lander 
equipped with ballast , buoyancy an d pinger. On the seafloor, ORPHEUS was then picked up 
by ALVIN, positioned on an appropriate sediment site and set in Operation. On the next day's 
dive, the ALVIN manipulato r release d it s ballast whereafter ORPHEU S ros e bac k to the sea 
surface an d wa s retrieved . Th e incubatio n tim e laste d 1 9 hours . Th e advantag e o f thi s 
procedure was that ALVIN's transport "basket" was available for other equipment. 
Immediately after recover y o f the lander , the cores were coole d and sectioned int o 1 
cm segments . Th e tim e betwee n recover y an d sectionin g wa s abou t 3 0 min . Metaboli e 
activity was terminated by fixing the sediment slices in 20 ml of 20% ZnAc-solution. The fixed 
sediment samples were kept at 4° C until distillation. 
Push core samples 
During all dives in the Guaymas Basin, ALVIN recovered push-core samples, 30 cm long and 
50 m m I.D . or 5 0 c m lon g an d 15 0 m m I.D . from the sediment . Thes e core s wer e use d fo r 
pore water analysis , preparation of sediment slurries for temperature gradient bloc k and time 
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series experiments, as well as for incubation of whole cores. Prio r to each sample recovery , 
a vertica l temperatur e gradien t wa s recorde d a t 5  c m dept h resolutio n wit h th e ALVI N 
temperature sensor. 
After sampling , th e corin g tube s wer e store d i n quivers , i n orde r t o preven t los s o f 
Sediment in the course of rising to the surface. Subcores of 20-35 cm length were taken from 
the larg e push-cores . Althoug h th e sedimen t wa s occasionall y disturbe d alon g th e corin g 
tube wall , th e sedimen t surfac e an d th e cente r o f th e larg e push-core s remaine d mostl y 
intact. Upon preparing the subcores an intensive smell of H2S and petroleum was noticeable. 
The smal l push-core s wer e mostl y use d fo r por e wate r o r porosit y measurement s o r fo r 
sulfate reduction experiments. 
3.2.3.3 Laboratory measurements of  sulfate reduction 
Experiments with  sediment slurries 
The temperature dependence o f bacteria l sulfate reductio n was studie d i n sediment slurrie s 
made from samples of different sediment depths and in situ temperatures. 
A larg e sedimen t cor e without Beggiatoa  ma t was take n a t Stn . 3 , i n the immediat e 
vicinity o f the ORPHEUS deployment site, and subdivided into five depth intervals : 0-6, 6-12, 
12-18, 18-2 4 an d 24-3 0 cm . Additiona l hydrotherma l sedimen t sample s covere d wit h 
Beggiatoa mats were recovered a t Stn. 5 and subdivided int o two depth intervals : 10-1 7 and 
17-25 cm (data not shown). 
In orde r t o stud y th e temperatur e dependenc e o f bacteria l sulfat e reductio n i n 
different depth range s under surplus o f Substrate, a Substrate Solution (pH 7.2) compose d of 
formate, acetate, Propionate, butyrate and lactate, each at a final concentration o f 1  mM was 
added t o th e suspensions . Slurrie s wer e prepare d i n 2  I  aspirato r bottle s unde r N 2 fro m 
sediment diluted 1: 2 with N 2-purged local seawater. During continuous stirring , aliquots of 10 
ml slurry were transferred unde r N 2to 15-ml Hungate tes t tubes (Hungate , 1969) . The tubes 
were seale d with thick blac k buty l rubbe r stoppers , screw-cappe d an d pre-incubate d fo r 3 0 
min. to reach temperature equilibration. 
A stable temperature gradien t was established in an insulated aluminum block o f 2 m 
length, heated 120 ° C at one end and cooled to 0° C a t the other . Th e bloc k had 4 slots for 
each o f 3 1 equidistan t incubatio n temperatures . Afte r temperatur e equilibration , 10 0 u L 
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35S042" -  50 0 kB q (Amersham ) was injecte d int o eac h tube through th e buty l stopper . Th e 
tubes were shaken and incubated for 43 hours. The temperatures in the gradient bloc k were 
checked at regulär intervals and remained constant within ± 0.6° C. 
For time series experiments , th e pre-incubate d tube s containin g slurr y fro m th e fiv e 
sediment depths were incubated at seven constant temperatures: 12° , 25°, 35°, 60°, 70°, 80° 
and 90° C. The series was incubated for 31 , 69 and 97 h to observe changes in activity ove r 
time du e t o growt h o f th e sulfat e reducers . Al l incubation s wer e stoppe d b y addin g 2 0 m l 
20% ZnAc-solution and storing in the cold at 4° C. 
Whole-core incubations 
Sulfate reductio n rate s (SRR ) wer e als o determine d b y a  whole-cor e 35 S042" incubatio n 
method (Jorgensen , 1978) . Subcore s o f 2 6 m m I.D . fro m hydrotherma l sedimen t wer e 
incubated fo r 2 0 h  a t 12° , 23° , 35° , 60° , 70° , 80 ° an d 90 ° C . Afte r equilibratio n a t th e 
incubation temperature , each cor e was injecte d horizontall y wit h 5  j_t l 35S042" tracer Solutio n 
(~ 50 0 kB q pe r injection ) throug h silicon e fille d port s a t 1  c m dept h intervals . T o en d 
incubation, th e uppermos t 0- 5 c m wer e slice d int o 1  cm section s an d th e res t int o 2  c m 
sections. Metabolie activity was terminated by transferring the sediment slices directly int o 20 
ml o f 20 % ZnAc-solution . Th e sedimen t sample s wer e carefull y mixe d an d kep t col d unti l 
further treatment. 
Sulfate reduction was determined usin g a  single-step aeid Cr- I I distillation metho d to 
trap the total reduced sulfu r species (Fossin g an d Jorgensen, 1989) . The H 2S evolved from 
the tota l reduce d inorgani c sulfu r (TRIS ) wa s preeipitate d i n 5 % ZnAc . Th e resultin g ZnS -
suspension wa s mixe d wit h scintillatio n flui d (Ultim a Gol d XR , Packard ) an d counte d i n a 
liquid scintillatio n counter . Sulfat e reductio n rate s wer e calculate d aecordin g t o Jorgense n 
(1978). 
3.2.3.4 Sediment and pore water  analysis 
Additional subcores were sliced int o 1  cm (0- 5 cm depth) an d 2 cm sections ( > 5 cm depth) 
to determine the porosity and total C, N  and S contents in the hydrothermal Sediments . Pore 
water fro m 1  cm section s o f th e sedimen t core s wa s presse d unde r N 2 through 0.4 5 u m 
filters an d preserve d i n 1 % ZnCI2-solution. Sulfat e wa s measure d b y non-suppresse d io n 
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chromatography (Waters ) an d H 2S (precipitate d a s ZnS ) wa s analyze d 
spectrophotometrically using the methylene blue method (Cline, 1969). 
3.2.4 Results 
3.2.4.1 Sediment description 
The hydrotherma l Sediment s i n th e Guayma s Basi n occu r a s scattere d site s wit h stron g 
temperature change s withi n Shor t latera l distances , dependin g o n th e hydrotherma l flo w 
through th e sedimen t column . Th e uppermos t 1 4 c m ha d a  blac k colo r du e t o th e 
precipitation o f meta l sulfides (mostl y FeS) . This laye r consisted o f a  sof t mu d with a  Sharp 
transition t o a  mor e solid , green-gray , claye y sediment , whic h becam e mor e an d mor e 
Consolidated wit h depth . A dark-brow n fluff y laye r covere d a  larg e are a o f hydrothermall y 
influenced Sediments , e.g. at the ORPHEUS landin g Site (Stn. 2) nea r active chimneys . The 
sediment o f deepe r layer s consiste d o f a  fine-grained , dar k gra y clay . A t othe r sites , th e 
upper laye r was olive-gray, with a loose texture, was more clayey and silty , and partly ha d a 
granulär texture below the surface. During processing of the Sediments a penetrating smel l of 
petroleum an d H 2S wa s released . Th e occurrenc e o f whitish , sometime s yellow-orang e 
Beggiatoa mat s (thicknes s >  1  cm) o n th e sedimen t surfac e (Fig . 3 ) wa s a  sig n o f lowe r 
temperatures at the sediment surface and of emanating sulfide-rich pore fluid. After the cores 
were brough t o n deck , methane , H 2S and othe r volatile s originatin g fro m high-temperatur e 
pyrolysis wer e gassin g ou t o f th e cores . Thi s sometime s cause s a  disturbanc e i n th e 
stratification of sediment cores. 
Sediment outside the area of hydrothermal influenc e differed in color and consistency 
from th e thermall y altere d Sediment s an d wer e brow n turnin g int o mor e gray-brow n wit h 
increasing depth. 
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Fig. 3: Whitish and yellow-orange Beggiatoa mats covering the sediment surface at Stn.1. 
3.2.4.2 Profiles of temperature, suifate  and H2S 
During th e in  situ  incubatio n a t Stn . 2 , a  temperatur e profil e wa s measure d wit h th e 
ORPHEUS sensor (Fig . 4A). The temperature increased almost linearly from 2.8° C  at the 
sediment surface to 64° C at 1 6 cm depth with a gradient o f 3.4-5.2° C  cm"1. I n the more 
Consolidated clayey sedimen t below 1 6 cm, the temperature gradien t was 1.8-2.5 ° C cm"1 
and the highest temperature measure d was 97° C at 31 cm depth. Temperature gradient s 
varied considerably withi n Short distances. Within 15-2 0 cm distance from the temperature 
sensor th e temperatur e a t 3 1 c m dept h mus t hav e exceede d 138 ° C , becaus e th e 
polycarbonate coring tube had begun to melt. 
Sulfate and H2S were measured in the pore water which had been recovered i n the 
immediate vicinity of the ORPHEUS landing site. The average concentration of suifate in the 
upper 6 cm was at 23 mM and decreased to 16 mM at the transition (6-7 cm) to more solid 
and clayey Sediments (Fig. 4C). The concentrations of H2S varied between 0.45 and 4 mM. 
(Fig. 4B). Outside the hydrothermal vent area, suifate decreased almost linearly from 28 mM 
at the surface to 26 mM at 25 cm depth (Fig. 4D). 
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Fig. 4: Temperature, H2S and S042" vs. sediment depth in the same hydrothermal sampling field and in a non-hydrothermal sediment . H2S in 




3.2.4.3 Sulfate reduction in sediment cores 
Laboratory incubations 
Sulfate reductio n i n hydrotherma l sedimen t core s recovere d from Stn . 4 displaye d differen t 
depth distributions as a function o f incubation temperature (Fig . 5). At 25° C highest rate s of 
of sulfat e reduction , 600-81 9 nmo l cm" 3 d" 1, wer e foun d i n th e to p 0- 7 c m an d rate s 
decreased with depth. On an areal and depth integrated basis , 93% of the measure d sulfate 
reduction took plac e i n the uppe r 1 5 cm. At 60° , 70°, 80° and 90° C  highest activitie s wer e 
found belo w 1 5 c m (comprisin g 62-96 % o f th e measure d sulfat e reduction) , wherea s th e 
upper 1 0 c m reveale d onl y mino r activit y (u p t o 4 6 nmo l cm" 3 d" 1, 70 ° C) . A t 60 ° C , a 
maximum SRR was reache d a t 25 cm sediment depth . The highest rate s were measure d a t 
70° C  with 335 0 nmo l cm" 3 d"1 a t 2 3 c m depth . The maximu m SR R a t 80 ° an d 90 ° C  wa s 
found at 27 cm (1300 nmol cm"3 d"1), and 19 cm (165 nmol cm"3 d"1), respectively. 
Depth profiles of sulfate reductio n were also studied i n the laborator y i n hydrothermal 
sediment fro m Stn . 1  and i n non-hydrotherma l sedimen t fro m Stn . 6  wer e studie d i n th e 
laboratory (Fig . 6). At 60° , 70° an d 90 ° C  only on e cor e eac h was used , whereas al l othe r 
profiles represen t mea n value s fro m tw o incubate d cores . At mos t temperature s (12° , 23°, 
35°, 70°, 80° and 90° C) highest rates were measured in the upper 5  cm of the hydrotherma l 
Sediments. More than 90% of the measured sulfate reduction took plac e in the uppe r 1 5 cm. 
In the 60° C core hal f of the measured reductio n took plac e below 1 5 cm. The highes t rate s 
in this sediment were 197 0 and 2550 nmol cm"3 d"1 at35° and 70° C, respectively . 
Maximum subsurfac e rate s were found a t 60° (39 0 nmo l cm" 3 d"1) and 70 ° C  (244 0 
nmol cm" 3 d"1) in 21 and 7 cm sediment depth , respectively. Th e cores incubate d a t 80° and 
90° C had significantly Iower SRR as compared to the other incubation temperatures. Sulfate 
reduction rate s outsid e th e hydrotherma l are a (2.8 ° C ) wer e muc h Iowe r tha n rate s i n th e 
hydrothermal Sediments and had a  maximum o f 5.3 nmo l cm"3 d"1 a t 1 9 cm sediment depth. 
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Fig. 6 : Sulfate reductio n rate s i n hydrotherma l sedimen t covere d wit h bacteria l mat s (Stn . 1 ) an d non-hydrotherma l Sedimen t (Stn . 6) 
incubated at different temperatures. Note the different scale for the 3°, 80° and 90° C data. 
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In situ incubation with  the benthic instrument ORPHEUS 
The benthic instrumen t ORPHEU S was successfully deploye d a t Stn. 2 (dive 3204 , 2011 m 
water depth) i n a flat area sloping u p towards a  row o f lo w chimneys . The 10 0 m2 sampling 
field wa s partiall y covere d wit h a  thi n Beggiatoa  ma t an d wa s hydrothermall y activ e wit h 
shimmering water, scattered low chimneys (partially active) and venting cracks. 
This wa s th e firs t tim e sulfat e reductio n wa s measure d in  situ  wit h a  benthi c 
incubation instrument in hydrothermal deep sea Sediments. Highest relative rates were found 
in the uppe r 1 0 cm o f the sedimen t (Fig . 7). The distribution o f sulfat e reductio n wit h dept h 
was measure d togethe r wit h th e temperatur e gradien t an d showe d a  maximu m rat e a t a 
depth o f 3  cm an d a t a n in  situ  temperature o f 11 ° C . Sulfat e reduction s rate s decrease d 
significantly with depth and became very low below 10 cm depth. 


















Fig. 7 : Distributio n o f sulfate reductio n an d temperature wit h sedimen t depth from an in  situ 
incubation with the benthic instrumen t ORPHEUS i n a hydrothermal sedimen t partl y covere d 
with bacteria l mats. 
55 
Sulfate reduction in sediment slurries 
The influenc e o f temperatur e o n microbia l sulfat e reductio n wa s studie d i n substrate -
amended suspension s o f hydrotherma l sedimen t fro m Stn . 3  (Fig . 8) . Th e temperatur e 
gradient bloc k experiment s showe d rathe r comparabl e temperatur e optim a o f sulfat e 
reduction at depths between 0 and 24 cm with decreasing peak rates at increasing depth. 
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Fig. 8: Temperature dependence o f sulfate reduction rates in slurried hydrotherma l sedimen t 
(Stn. 3 ) from 0-6 , 6-12 , 12-18 , 18-24  an d 24-3 0 c m sediment depth . A Substrat e mixtur e o f 
short-chain fatty acids was added to all slurries. The in situ temperature ranged from 16 ° C at 
5 cm to 105° C at 25 cm depth. 
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In the upper 0-6 cm two maxima of SRR were formed: 286 nmol cm'3 d"1 at 53° C and 
86 nmo l cm" 3 d" 1 a t 93 ° C . A t 6-1 2 cm , maximu m rate s o f 15 0 an d 2 7 nmo l cm" 3 d" 1 wer e 
found a t 57° and 90°-98° C respectively. A t 12-1 8 cm, mesophilic activit y was absen t and a 
thermophilic Optimum was observed at 59° C  (62 nmol cm"3 d"1). Another thermophilic ränge 
between 79° and 91° C had sulfate reduction rates from 71 to 59 nmol cm"3 d"1. At 18-2 4 cm, 
SRR was very low , bu t stil l ha d peaks a t 45° and 90° C  (4 and 1 1 nmol cm" 3 d" 1). At 24-3 0 
cm, sulfat e reductio n wa s no t detectabl e (excep t fo r on e stra y dat a poin t a t 48 ° C) . A n 
incubation with hydrothermal sediment from a different site (Stn. 5, Fig. 9) showed a different 
temperature dependence . A t 10-1 7 c m depth , a  maximu m rat e occurre d betwee n 60 ° an d 
70° C, (128 nmol cm"3 d"1) with a Shoulder up to 98° C. Sulfate reduction was not measurable 
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Fig. 9 : Temperatur e dependenc e o f sulfat e reductio n rate s i n a  slurrie d hydrotherma l 
sediment from 10-1 7 (Stn . 5). A Substrate mixture of short-chain fatty acids was added to al l 
slurries. The in situ temperature ranged from 75°-90° C. 
In addition to the temperature gradien t bloc k experiments , time serie s incubation s o f 
SRR wer e don e with the sam e sedimen t slurrie s as used i n Fig . 7 a t fixed temperature s o f 
12°, 25°, 35°, 60°, 70°, 80° and 90° C  (Fig . 10) . Generally, the highes t SR R occurre d i n the 
surface sedimen t (0- 6 cm) where the SR R clearl y increase d with incubatio n tim e a t 35°-80 ° 
C. 
The highest rate (231 nmol cm" 3 d"1) in the surface sedimen t was measured at 60° C 
after 9 1 hours . Belo w 35 ° C , sulfat e reductio n wa s onl y detectabl e dow n t o 1 2 c m depth . 
Sulfate reductio n wa s als o significan t i n deepe r sedimen t layer s a t highe r temperature s o f 
60°-90° C, but data are rather noisy . 
nmol cm d " nmol cm"3 d"1 nmol cm-3 d'1 nmol cm"3 d1 nmol cm"3 d"1 nmol cm-3 d'1 nmol cm"3 d'1 
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Fig. 10: Temperature dependence of suifate reduction rates in slurried hydrothermal Sediments (Stn. 3) from five different depth intervals and 
three different incubation times (31 , 69 and 97 h). A Substrate mix of short-chain fatty acids was added to all slurries. The in situ temperature 




3.2.4.4 CNS data 
Depth profiles o f carbon, nitrogen and sulfur were measured i n two hydrotherma l Sediment s 
(Stn. 1  an d 2 ) an d a  non-hydrotherma l sedimen t (Stn . 6) . Additionally , atomi c ratio s o f 
organic C  and N  were calculate d (Fig . 11) . There was a  steep increas e o f the mola r C om:N-
ratios fro m 1 0 t o 22. 5 a t 5-1 0 c m dept h i n th e hydrotherma l sedimen t o f Stn . 1 . Another 
remarkable feature was the elevated sulfur content (2.7 to 4.6%) i n the upper 3 cm of the two 
hydrothermal Sediments . Organi c carbo n decrease d i n hydrotherma l Sediment s wit h dept h 
from 5 % a t th e surfac e t o 1.5-2 % a t 2 0 c m depth . Th e non-hydrotherma l sit e o f Stn . 6 
exhibited a n averag e sulfu r conten t o f 0.3 % ove r th e entir e dept h profile . I n this sedimen t 
organic carbo n remaine d constan t ( ~ 4% ) i n th e uppe r 0-1 3 c m a s di d nitroge n ( ~ 0.4%) . 
Nitrogen decrease d strongl y (dat a no t shown ) wit h dept h i n th e hydrotherma l Sediments , 
from 0.8 to 0.1% a t Stn. 1 and from 0.5 to 0.1 % at Stn. 2. 
Guaymas Basin, Stn. 1 
% dw C org, S and C:N ratio 
Guaymas Basin, Stn. 2 
% dw C org, S and C:N ratio 
Guaymas Basin, Stn. 6 
% dw C org, S and C:N ratio 




























































Fig. 11 : Concentrations o f C om, S to(a; (in %  dry weight ) an d atomi c C: N ratio s vs . sedimen t 
depth atthe hydrothermal samplin g Sites of Stn. 1  and 2 and i n non-hydrothermal Sediment s 
of Stn. 6. 
Com:S weight ratio s in hydrothermal Sediments were 0.7-5. 4 (Fig . 12) . Sediment fro m 
Stn. 2  showed a  distinct increas e o f C: S weigh t ratio s from 2. 5 to 5. 4 belo w 5  cm. The C: S 
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Fig. 12: Weight ratios of C:S i n hydrothermal (Stn . 1 and 2) and non-hydrothermal Sediments 
(Stn. 6). 
3.2.5 Discussion 
3.2.5.1 Sampling site characteristics 
The upwar d flo w o f hydrotherma l Solution s containin g dissolve d substances , suc h a s alkal i 
elements, alkalin e eart h metals , metals , an d anion s (SO/ -, HC0 3") induce s chemica l 
alterations i n th e sediment : Precipitatio n o f meta l sulfide s an d crus t formatio n o f meta l 
sulfides or carbonates which occu r irregularl y i n the otherwise fine-grained claye y sediment . 
The resul t i s a  hig h degre e o f heterogeneit y i n th e sedimen t structure , permeability , 
temperature gradients and geochemistry of the pore water. 
The alteration of organic matte r by hydrothermal Solutions, which provides a variety of 
aliphatic aci d ion s a s potentia l Substrate s fo r sulfat e reduction , i s a  furthe r reaso n fo r th e 
variability of SRR. Within an area o f several 100 m2, completely different sedimen t condition s 
occur (Table 1) . The very ho t zones o f the sea floor are characterized b y diffusive emission s 
of hydrothermal fluids which are visible from the submersible ALVIN. These are distinct from 
the cooler sediment surfaces on which the thick Beggiatoa  mats frequently grow. 
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In situ  and laborator y measure d SR R varie d fro m lo w t o extremel y hig h rate s an d 
peak rate s occurre d a t differen t dept h dependin g o n temperatur e an d availabilit y o f 
Substrates. Extreme SSR occurred below 20 cm at Stn. 4 ("Rebecca's Roost" site) where the 
in situ  temperatur e wa s u p t o 100 ° C  an d wher e Substrate s wer e obviousl y comin g fro m 
deeper sedimen t strata provide d b y thermocatalysis o f organi c matte r (Fig . 5) . I n the sam e 
sampling fiel d a t Stn . 1  ("Everest " site) , sedimen t covere d wit h dens e Beggiatoa  mat s 
occurred where hig h H 2S fluxes provide d a n idea l habita t fo r thes e gian t chemoautotrophi c 
sulfide oxidizing bacteria (J0rgensen , 1990) . In contrast to the subsurface maxim a caused by 
hyperthermophilic sulfate reducers , peak rate s of mesophili c sulfate reductio n were found at 
the sediment surface (Fig. 6). 
3.2.5.2 Sediment geochemistry 
Depending o n th e prevalen t hydrotherma l influence , strongl y divergin g geochemica l 
gradients were measured in the diatomaceous Sediments of the Guaymas Basin (Fig . 4, see 
also J0rgense n e t al. , 1992, Elsgaard e t al. , 1994). The influenc e o f hydrotherma l fluids o n 
Chemical gradients depend s o n the permeabilit y o f the sediment . Th e change s observe d i n 
these gradient s correlat e wit h th e transitio n fro m th e unconsolidated , mudd y surfac e 
sediment, where microbia l processes are influence d by both , the circulation o f seawater an d 
hydrothermal fluids . I n 7-1 5 c m dept h th e sedimen t becom e claye y an d mor e solid , 
depending on the sampling site and temperature controls most of the microbial activity. 
Geochemical gradient s i n th e sedimen t outsid e th e hydrotherma l ven t are a diffe r 
strongly, a s n o free sulfid e coul d b e determined , sulfate concentration s remaine d relativel y 
constant ove r th e entir e dept h profil e (28-2 6 mM) , an d temperatur e di d no t increas e wit h 
depth. 
Sulfide released from thermochemical and biological sulfate reduction can reach very 
high concentrations i n surface Sediments (Jorgense n et al. , 1992). The sulfid e flux support s 
the growth of chemoautotrophic bacteria , e.g. Beggiatoa  mats , which consume the emerging 
sulfide (Gunderse n e t al. , 1992) . Th e overlyin g seawate r ha s a  temperature o f 2.8 ° C  an d 
contains 2 8 m M oxyge n (Gunderse n e t al. , 1992) . Anaerobi c conditions , therefore , ar e 
prevalent from just a  few millimeter s below the surface o f a  bacterial ma t or sediment . Tota l 
sulfur concentrations of up to 4.6% (dry weight) i n hydrothermal Sediments (Fig . 11), resulted 
from hig h pyrit e concentration s (20 0 umo l S  cm" 3, Jorgense n e t al. , 1992) , o r fro m th e 
accumulation of elemental sulfur in the bacterial mats. 
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It is difficult to distinguish betwee n hydrotherma l and non-hydrothermal Sediments on 
the basis of organic carbon Contents. Hydrothermal sediment from Stn. 2 (partly covered with 
Beggiatoa mats ) and non hydrothermal sedimen t from Stn . 6 revealed simila r Corg contents , 
however, i n hydrotherma l Sediments , there ma y b e marked fluctuations i n C0^. The atomi c 
Co^:N ratio s als o sho w hig h variabilit y withi n th e are a o f hydrotherma l influenc e (Fig . 11) , 
because of the variable chemica l composition of the upward percolating pyrolysates . I f these 
hydrocarbons contai n very lo w amounts of nitrogen, this could lead the observed shif t i n the 
C0^:N ratio at the transition from the unconsolidated mudd y sediment to the clayey and more 
compacted sediment. 
There wa s a  distinc t differenc e i n carbon-sulfu r relationship s betwee n hydrotherma l 
and non-hydrotherma l Sediment s (Fig . 12) . Thi s i s du e t o th e meta l sulfid e enrichmen t i n 
hydrothermal Sediments leading to a high, but variable sulfur content. 
3.2.5.3 Sulfate reduction and Substrates 
Previous investigation s demonstrate d tha t sulfat e reductio n i n hydrotherma l Sediment s i s 
substrate-limited (e.g . Elsgaar d e t al. , 1994) . Fo r thi s reason , al l slurr y experiment s wer e 
performed with added Substrate, to stimulate sulfate-reducing bacteri a and to study the effec t 
of temperature on sulfate reduction alone. 
Extremely hig h SR R wer e observe d unde r hydrotherma l influenc e i n carbon-ric h 
Sediments (up to 5% C0fg, Fig. 11) of the Guaymas Basin . Similar rate s o f severa l 10 0 to up 
to 1000 nmol cm"3 d"1 occur in organic-rich coasta l Sediments (Fossing and Jorgensen, 1989 ) 
or i n Spartin a sal t marshe s (Skyrin g e t al. , 1979) , bu t ar e extrem e fo r deep-se a o r deep -
basin Sediments . I n hydrothermally influence d Sediments , hig h SR R ma y occur (u p to 335 0 
nmol cm" 3 d~\ Fig . 5) becaus e there i s a  continuous suppl y o f Substrates (hydrocarbons ) o r 
crude oi l from deepe r sedimen t strat a availabl e b y thermochemica l degradatio n o f organi c 
matter comin g t o surfac e Sediment s wit h ho t por e fluids . I n th e relativel y coole r surfac e 
Sediments the dissolved Substrates may be precipitated and enriched in the sediment. 
Short-chain aliphati c aci d anion s (e.g . acetat e an d Propionate ) originatin g fro m th e 
thermocatalytic decompositio n o f deposite d organi c material , occu r a t dept h o f 2 0 c m o r 
more wher e temperature s ar e >  100 ° C  an d reac h ver y hig h concentration s o f >  110 0 u m 
(Martens, 1990) . Aliphati c an d aromati c hydrocarbon s ar e transporte d t o th e surfac e 
sediment b y upwar d percolatin g hydrotherma l fluid s an d ca n serv e a s Substrate s fo r th e 
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sulfate reducin g bacteri a (Simoneit , 1985 ; Kawka an d Simoneit , 1987) . Ruete r e t al . (1994 ) 
demonstrated that , unde r mesophili c conditions , sulfate-reducin g bacteri a ar e able to utiliz e 
aliphatic an d aromati c hydrocarbon s a s electro n donors . Th e potentia l o f sulfat e reducin g 
bacteria to oxidize numerous straight-chain aliphatic hydrocarbons (Aeckersberg et al., 1991 , 
1998), and even t o utiliz e toluen e unde r anoxic condition s (Rabu s e t al. , 1993 ) add s t o th e 
broad spectrum of Substrates. 
At the interface between opposed gradients of oxygen in the water column and H2S in 
the sediment , a  secon d Substrat e poo l i s provide d b y fermentatio n o f chemosyntheticall y 
produced Beggiatoa  biomass at the sediment surface. 
3.2.5.4 Sulfate reduction and bactehal mats 
The specia l hydrothermal environmen t of the Guaymas Basi n support s dense populations o f 
the giant nitrate accumulating sulfur bacteria Beggiatoa  spp. . The classical Beggiatoa  habita t 
is the interfac e betwee n oppose d gradient s o f oxyge n i n the wate r colum n an d H 2S in th e 
sediment (Jorgense n an d Revsbech , 1983) . Laborator y an d in  situ  measured SRR o f u p t o 
2250 nmol cm"3 d"1 in hydrothermal Sediments with overlying Beggiatoa  mats (Fig . 6) are the 
highest rate s ye t measure d i n hydrotherma l dee p se a Sediments . Thes e rate s ar e 
considerably higher than the maximum rate of 140 nmol cm"3 d"1 determined from another ho t 
vent ma t System in the Guaymas Basi n (J0rgensen e t al. , 1990) and exceed the SRR i n the 
surface layer of hydrothermal Sediments without bacteha l mats (Fig . 5). The rate s are similar 
to those measured in Continental shelf Sediments i n areas o f strong upwelling , e.g. along the 
coast of Chile, Peru and Namibia (Ferdelman et al., 1997, Fossing, 1990, Ferdelman et al., in 
press). Al l thes e Sediment s ar e populate d b y related , nitrate-accumulatin g sulfu r bacteria , 
Thioploca and Thiomargarita  (Jorgensen and Gallardo, 1999 ; Schulz e t al. , 1999). A depth-
integrated rate (0-15 cm) of 218 mmol m"2 d"1 can be calculated on the basis of this rate value 
but i s relate d t o "ho t spot " area s whic h focu s th e organi c flu x an d coul d no t occu r ove r a 
large area. In these smal l scale areas where H2S rieh pore fluid emanates from the sedimen t 
Beggiatoa mat s occu r an d provide s a  variet y o f Substrate s fro m fermentatio n o f 
chemoautotrophically synthesized biomass. 
In situ  measurement s o f sulfat e reductio n wit h th e benthi c ineubatio n instrumen t 
ORPHEUS i n a  hydrotherma l sedimen t wit h a  dar k fluff y laye r an d partl y covere d wit h 
Beggiatoa mat s confir m the laborator y result s and demonstrat e mesophili c sulfat e reductio n 
with an in situ temperature of 11 ° C at 3 cm depth where the peak rate oecurred (Fig. 7). 
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3.2.5.5 Sulfate reduction and temperature 
Laboratory an d in  situ  measurement s showe d pea k rate s a t th e sedimen t surfac e i n a 
temperature räng e of 3°-45° C (Fig. 6 and 7). The occurrence of these remarkably high rates 
is associate d wit h th e presenc e o f sulfide-oxidizin g Beggiatoa  mats . Maximu m rate s wer e 
also observe d a t hyperthermophili c incubatio n temperature s betwee n 70 ° an d 90 ° C . Thi s 
implies tha t thermophili c o r hyperthermophili c suifat e reducer s mus t b e presen t a t th e 
sediment-water interfac e an d becom e activ e a s soo n a s appropriat e temperature s prevai l 
(Fig. 6) . Du e t o th e therma l alteratio n o f organi c matter , Substrat e i s availabl e a t hig h 
concentrations ( > 1100 um, Martens, 1990 ) in the subsurface sedimen t at 20-35 cm depth at 
in situ  temperature s fro m 90 ° t o 104 ° C , an d is , a s soo n a s th e temperatur e allows , 
decomposed by hyperthermophilic suifat e reducing bacteria . Conversely, the core incubate d 
at 25 ° C  di d no t displa y an y maximu m value s a t al l i n th e deepe r layer s o f sediment , 
suggesting tha t mesophili c suifat e reducer s wer e absen t a t thi s sedimen t dept h an d 
thermophiles were activated only at higher temperatures. 
Sediment slurrie s incubate d betwee n 0°-120 ° C  generall y displaye d a  mesophili c 
ränge belo w 40 ° C  an d tw o thermo - hyperthermophil c range s t o whic h sulfate-reducin g 
bacteria wer e wel l adjusted : 40°-60 ° C  an d 70°-90 ° C  (Fig . 8  an d 9) . Comparabl e 
temperature range s were als o found b y J0rgensen (1990 , 1992 ) and Elsgaar d e t al . (1994) . 
The uppe r temperature limi t fo r suifat e reductio n foun d i n the presen t study , £  100X , wa s 
somewhat highe r tha n th e temperatur e growt h limi t o f th e hyperthermophili c archae a 
Archaeglobus spp . (Stetter , 1988 ; Stette r e t al. , 1993) . Thi s species , Archaeglobus 
profundus, was isolated from hydrothermal Sediments of the Guaymas Basin, and i s capable 
of growing at a temperature o f up to 90° C (Burggraf et al., 1990) . 
There wa s n o indicatio n fo r suifat e reductio n a t in  situ  temperature s abov e 100 ° C 
(Fig. 8 and 9) . A different temperatur e dependenc e was observed i n hydrothermal sedimen t 
at Stn . 6 . Thermophili c suifat e reductio n wa s foun d betwee n 40 ° an d 50 ° C  a s wel l a s 
between 60 ° an d 70 ° C  i n 10-1 7 c m depth . Jorgense n e t al . (1992 ) observe d extremel y 
thermophilic suifat e reductio n i n th e temperatur e räng e betwee n 100 ° C  an d 110 ° C  an d 
concluded fro m thi s Observation , tha t suifat e reducer s wer e stil l capabl e t o reduc e suifat e 
above 100° C. Elsgaard et al. (1994) demonstrated suifate reduction in slurry experiments up 
to a temperature o f 102° C. May be suifate reducers are not able to grow at this temperatur e 
but they coul d stil l be able to reduc e suifate . This Observation coul d no t be confirmed i n the 
present study. 
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Time cours e experiment s (Fig . 10 ) reveale d tha t ther e i s a  differenc e i n th e 
development o f differen t group s o f temperature-specifi c sulfat e reducers . Despit e a  lon g 
incubation time, o f up to 4 days (Fig . 10) there i s no development o f sulfate reducer s below 
10 c m dept h a t lo w temperature s betwee n 12 ° an d 35 ° C . Ther e i s thermophili c an d 
hyperthermophilic sulfate reduction at high temperatures > 60° C. Despite the noisy data, it is 
evident that there has been some growth o f hyperthermophilic sulfat e reducer s betwee n 60° 
C and 90° C. 
The temperatur e räng e fo r microbia l sulfat e reductio n stil l lie s clearl y belo w th e 
temperatures o f ~  200 ° C  a t whic h thermochemica l sulfat e reductio n ca n b e assume d 
(Goldhaber an d Orr , 1995) . Ultimately , th e distinctio n an d th e significanc e o f biologica l o r 
thermochemical sulfate reduction can only be determined at indicated in  situ temperatures by 
means of isotope fractionation. (Machet, 1995; Canfield and Teske, 1996). 
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3.3 
Deep-water secondary productivity and intense sulfate reduction in a hypersulfidic 
basin in the Mediterranean Sea: Impiications for the sulfur isotope recor d 
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3.3.1 Introduction 
Three deep basin s filled with brine were discovere d i n the Mediterranea n Ridge , south-wes t 
of Crete i n late 1993 and early 199 4 (MEDRIFF consortium , 1995) . The basins were name d 
after th e thre e oceanographi c vessels : L'Atalante , Discover y an d Urania . Th e brin e 
originates from dissolution o f Messinia n evaporite s tha t li e beneath the seafloo r (MEDRIF F 
consortium, 1995 , Wallmann e t al. , 1997) . The Urani a Basin , has a n overal l wate r dept h o f 
3570 m . A shar p pycnoclin e a t 3490 m  is separating th e 8 0 m deep brin e wit h a  salinit y o f 
162 % o from th e se a wate r above . Du e t o th e densit y differenc e o f th e tw o wate r bodies , 
organic materia l sinkin g throug h th e wate r colum n accumulate s a t th e brin e -  se a wate r 
interface. Withi n a  2 0 m  thic k chemoclin e abov e th e hypersalin e dee p wate r bacteria l 
numbers and microbial activity strongly increase . Bacteria l sulfate reduction rates determined 
in this intermediate layer (14 nmol S042" cm"3 d"1) are the highest measured in a marine water 
column s o far . Th e 8 0 m  deep homogenou s brin e contain s 1 0 m M hydrogen sulfid e an d i s 
the mos t sulfidi c bod y o f wate r reporte d fo r th e marin e environment . Th e hig h biomas s 
concentration an d secondar y productivit y i n th e intermediat e laye r furthe r increase s th e 
concentration o f particulat e organi c carbon , which i s 15-fol d enriched i n the brine compare d 
to the sea-wate r above . The hypersalin e an d hypersulfidi c condition s i n the dee p basi n d o 
not inhibi t organi c matte r remineralisatio n b y sulfate-reducin g bacteria , organi c carbo n 
undergoes furthe r decompositio n o n it s wa y throug h th e brin e an d i s therefor e no t 
accumulated i n the sediment . Sulfat e reductio n rate s i n the sedimen t hav e bee n measure d 
for the first time based on in situ incubations with an autonomous lande r at the depth of 3570 
m and show only minor variations to parallel on-board ship incubations. 
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The sulfur isotopic composition is constant throughout the deep basin with a depletion 
of 34 S b y 4 0 % o in hydroge n sulfid e compare d t o sulfat e a t correspondin g depths . Thi s 
confirms bacteria l sulfat e reductio n an d suggest s tha t growt h o f bacteri a whic h ar e abl e t o 
disproportionate intermediat e sulfu r specie s i s hindere d b y th e extremel y hig h sulfid e 
concentrations. 
The subductio n o f th e Africa n plat e belo w Europ e ha s resulte d i n th e formatio n o f 
active volcanic arcs in the Tyrrhenian and Aegean Seas and the Mediterranean Ridge . In the 
tectonic provinc e o f th e Ridg e a  numbe r o f dee p anoxi c basin s hav e bee n discovere d i n 
recent years (D e Lange and Haven, 1983; Scientific Staf f o f Cruise Bannock 1984-12 , 1985; 
MEDRIFF consortium, 1995) . The L'Atalante, Discover y and Urania Basins were identified in 
1993 an d 199 4 south-wes t o f Cret e i n a  platea u tha t lie s betwee n th e cres t o f th e 
Mediterranean Ridg e an d the Matapa n Trench . The Urani a Basi n (35°14 ' E , 21°28 ' N ) ha s 
been first investigate d a s par t o f the MEDRIF F Programm e i n 199 3 (MEDRIF F consortium , 
1995). The depression i n the deep-sea floor i s horse-shoe shape d with a diameter o f app. 6 
km. We report here biogeochemica l investigation s tha t were carried out during Meteo r cruis e 
M40/2 in December 1997 in the north-western branch of the 3570 m-deep basin. 
3.3.2 Results and Discussion 
The concentration o f dissolved oxygen and the redox potentia l decrease rapidl y within a  20-
m thick chemoclin e above the sea water-brine interfac e a t 3490 m  water dept h (Fig . 1a , b). 
The homogenou s brin e ha s a  salinit y o f 16 2 % o and it s majo r io n compositio n i s similar  t o 
those o f th e Tyr o an d th e Bannoc k Basi n (D e Lang e an d Haven , 1983 ; D e Lang e e t al. , 
1990). The deep stagnant water contains high concentrations o f 90 mM sulfate (Fig. 1a) and 
a constan t sulfid e concentratio n o f 10-1 1 m M ha s bee n determine d throughou t th e 8 0 m 
deep basi n (Fig . 1b) . I t contain s thu s 5  time s an d 3. 5 time s mor e H 2S than i t ha s bee n 
reported for the euxini c Tyr o Basi n (2. 2 mM ) an d Bannoc k Basi n ( 3 mM) , respectivel y (D e 
Lange et al., 1990; Luther II I et al., 1990). The concentration o f sulfide in the Urani a Basi n is 
even 2- 3 m M highe r tha n th e botto m wate r o f th e hypersulfidi c Framvare n fjor d ( 8 mM ) 
(Andersen e t al. , 1988 ) an d exceed s al l value s reporte d fo r anoxi c basin s i n th e marin e 
environment. I n th e 2 0 m  thic k intermediat e laye r abov e th e brin e profile s o f dissolve d 
oxygen an d counter-diffusin g sulfid e sho w ver y stee p concentratio n gradients , indicatin g 
rapid cyclin g o f sulfu r Compounds . Th e profile s sugges t tha t sulfid e oxidatio n take s plac e 
predominantly a t the lower border of the chemocline. 
67 
Redox potentia l (mV) « 
-400 200 
-i 1  1 1  1  1  1  1  r 
0 20 40 60 80 100 
Oxygen (uM) o 
0 2 0 4 0 6 0 8 0 10 0 12 0 
3370 A-
3420-
3470 i i 
3520 
3570 
Sulphate (mM) o Sulphide (mM) • 
-3 _ i 
Suphate reduction rate (nmol cm d  ) o 
0 2  4  6  8  1 0 1 2 1 4 
3370.1 '  '  >  '  '  '  L 
3.7 ug Corq I" 1 
0 1 2 3  4  5  6  7 
C Numbe r of bacteria (cells * 1 CT 
5 34S sulphate o 






cm"3)- S sulphid e • 
Fig. 1 : Investigation s i n th e wate r column . a ) Redo x potentia l an d suifat e concentratio n b ) 
Oxygen an d sulfid e concentration s c ) Sulfat e reductio n rate s an d bacteria l cel l numbers , th e 
arrows indicat e th e depth o f the deploymen t o f the in  situ  pump s an d th e accordin g number s 
give th e concentratio n o f organi c carbo n a t thes e depth s d ) Sulfu r isotopi c ratio s o f suifat e 
and sulfide . The dashe d line s indicat e th e positio n o f the chemocline . 
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At the depth between sea water and brine, video inspection reveale d a  layer of dense 
particle accumulation (Fig . 2). Export o f organic materia l to deep ocean floors occur s mainl y 
in th e for m o f sinkin g particulat e matter . Th e transi t o f organi c particle s t o th e se a floo r i s 
hindered a t th e interfac e i n th e dee p basin s becaus e o f th e densit y differenc e betwee n 
seawater and brine and leads to the formation of an organic rieh layer similar to the fluff laye r 
covering the sediment surface in areas of anoxic basins like the Black Sea. 
Fig. 2 : Photograp h o f particl e accumulatio n a t th e brin e -  se a wate r interfac e a t 349 0 m 
water depth. 
At th e interfac e betwee n se a wate r an d brin e secondar y bacteria l produetio n i s 
stimulated b y th e hig h inpu t o f organi c carbo n an d th e availabilit y o f nutrient s diffusin g u p 
from th e brine . Th e concentration s o f bacteria l cell s increase d i n thi s zon e significantly , b y 
5 - 1 
more tha n orde r o f magnitude . Highes t value s o f 5. 5 •  1 0 cell s m l wer e foun d a t th e 
upper boundar y o f the chemoclin e (Fig . 1c) . Sulfate reduetio n measure d i n ineubate d water 
samples showed highes t rates of 13-14 nmol cm"3 d"1 within the 20 m thick intermediat e layer 
(Fig. 1c) . These are the highes t rate s measure d i n a marine wate r column . Fo r comparison , 
in the Blac k Sea , the larges t know n basi n i n which sulfat e reduetio n i s observed withi n th e 
water column , rate s o f 0.03 6 nmo l cm" 3 d" 1 hav e bee n determine d a t th e 10 0 m  dee p 
oxic/anoxic interfac e (J0rgense n e t al. , 1991 ; Albert e t al. , 1995) . Here , th e dee p anoxi c 
water contain s approx . 40 0 u M sulphide. Comparabl e rate s o f 2 0 nmo l S0 42" cm" 3 d"1 were 
determined i n a 1-2 cm thickflocculent layer covering the Black Sea sediment surface (Alber t 
et al. , 1995) . Base d o n th e isotopi c compositio n o f sulfate , sulfat e reduetio n wa s als o 
suggested t o occur at the brine -  sea water interfac e o f the Tyro and Bannoc k Basi n (Luthe r 
69 
III et al. , 1990) . Sulfate reducing bacteria fractionate the sulfur atoms producing sulfide which 
is enriched i n 32 S. Consequently , th e sulfate tha t remain s wil l b e mor e enriched i n 34 S. Th e 
concentration an d sulfu r isotopi c composition o f sulfate above the chemoclin e of the Urani a 
Basin are typical for Mediterranean se a water indicatin g tha t no sulfate reductio n took place 
in th e wate r column . Th e extremel y hig h sulfat e an d sulfid e concentration s belo w th e 
chemocline sho w a  constan t sulfu r isotopi c compositio n (Fig . 1d) . Hydroge n sulfid e i s 
consistently deplete d i n M S b y ~  4 0 % o compare d t o sulfat e a t correspondin g depths , 
indicating tha t microbia l dissimilator y sulfat e reductio n i s takin g place . Th e isotopi c 
fractionation result s i n a  8  34S valu e fo r th e remainin g sulfat e whic h i s considerabl y highe r 
than the mea n value for ocea n wate r whic h i s dose to +2 0 %o . The isotopi c fractionatio n i s 
within th e räng e observe d i n experiment s wit h pur e culture s o f sulfat e reducin g bacteri a 
(Habicht an d Canfield , 1996) . Whe n compare d t o isotopi c fractionatio n i n th e Tyr o an d 
Bannock Basi n (Hennek e e t al. , 1997 ) i t i s suggeste d tha t th e extremel y hig h sulfid e 
concentration hinder s the growth o f bacteri a which ar e able to disproportionate intermediat e 
sulfur specie s tha t ca n b e forme d upo n re-oxidatio n o f hydroge n sulfid e (Canfiel d an d 
Thamdrup, 1994 ) a t the interface . A  similar  fractionatio n o f ~  40 % o is als o observe d i n the 
hypersulfidic (8 mM) Framvaren Fjor d (Andersen e t al., 1988). A combined mass and isotope 
balance of the anoxic water column demonstrates that sulfate with an isotopic composition of 
Messinian evaporites (about +22 %o) was the original sulfate source of the brine. 
The chemoautotrophi c activit y i n th e chemoclin e lead s to th e synthesi s o f ne w cell s 
which i s th e majo r sourc e o f particulat e organi c carbo n (POC) . Fo r th e determinatio n o f 
particulate materia l in  situ  pump s wer e deploye d i n th e wate r colum n 6 0 m  abov e th e 
chemocline and in the brine 30 m below the interface . Compared to the low content of 3.7 ug 
POC per litre in the sea water above the interface there was a 15-fold increase o f POC in the 
deep brine to 58 ug POC I"1. This phenomenon is very similar to the investigations i n the Tyro 
and Bannoc k Basi n (Hennek e an d D e Lange , 1990 ) wher e value s o f approx . 5 0 u g PO C 
were measured in the brine compared to very lo w values i n the sea water above ( ~ 5  ug I" 1). 
Directly i n th e chemoclin e o f thes e basins , th e PO C conten t increase d eve n t o value s o f 
~150 ug r1. For the Urania Basin a similar value can be expected. A sulfate reductio n rat e of 
14 nmol S042" cm"3 d"1 means an assimilation rate of about twice as much carbon (28 nmol C 
cm"3 d" 1 or 33 6 n g C  cm"3 d"1). Assuming tha t hal f o f the assimilate d carbo n i s use d fo r th e 
production o f cel l mas s thi s woul d yiel d 16 8 u g carbo n pe r lite r an d day . Thus , th e hig h 
concentration o f PO C i n th e brin e i s du e t o a n accumulatio n o f organi c particle s a t th e 
interface an d a subsequent secondar y bacteria l productivity . A  productivit y attribute d onl y to 
sulfate reducin g bacteri a ca n be estimated to account for approx. 60 g C I"1 y'1. The averag e 
primary productivity i n the open eastern Mediterranean Sea is 26 g C m~2 y"1 (Bethoux, 1989 ) 
70 
Dissolved organic carbon (DOC) was not measured during this investigation bu t for the Tyro 
and Bannoc k Basi n 4  m g DO C wer e measure d dos e t o th e interfac e an d i n th e brin e 
compared t o 1- 2 m g I" 1 in se a wate r abov e (Hennek e an d D e Lange , 1990) . Th e DO C i s 
utilized by free-living sulfate-reducing bacteri a an d transformed to POC. A simila r mid-wate r 
increase of bacterial biomass was also observed at the brine - sea water interface of the Tyro 
and Bannoc k Basins (Erba, 1991). 
Below th e chemoclin e o f th e Urani a Basi n sulfat e reductio n i s on-goin g wit h rate s 
between 2 and 4 nmol S042" cm"3 d"1 (Fig. 1c) . The hypersaline and hypersulphidic condition s 
in the dee p basi n d o no t appea r t o inhibi t organi c matte r utilisatio n an d decompositio n b y 
sulfate reducing bacteria. 
In the surfac e Sediments , profiles o f sulfat e an d ammoniu m concentrations continue . 
with constan t hig h values from the brine int o the sedimen t (Fig . 3a). Organic carbo n conten t 
(Fig. 3a) was determined to be extremely low (2-5 mg per g sediment) compare d to the high 
POC concentration s i n th e brine , suggestin g tha t despit e th e accumulatio n o f organi c 
particles at the brin e -  sea water interfac e an d the secondary productivity,  organi c carbon i s 
not accumulate d an d preserve d i n th e sedimen t bu t i s remineralise d i n th e dee p basi n b y 
sulfate reducing bacteria . In contrast, the upper 1 4 cm of sediment contain betwee n 600 and 
700 mg sulfur pe r g sediment (dry weight) (Fig . 3b). The main fraction i s elemental sulfur. I n 
the brine a  concentration o f 93 mg elemental sulfu r I" 1 has been determined whic h i s formed 
by the oxidation of sulfide at the interface and is sedimenting through the water column to the 
sea floor. The thickness of the sulfur-rich layer in the sediment could give an indication o f the 
time scale of the formation of this extreme sulfidic environment. Sulfate reduction rates in the 
sediment were measure d b y in  situ  incubations with a n autonomous lande r for the first tim e 
at this abyssa l dept h an d i n paralle l on-boar d shi p incubations . Th e determine d rate s (Fig . 
3c) ar e comparabl e wit h th e measurement s i n th e wate r colum n an d pea k i n 3- 5 c m 
sediment depth. 
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Fig. 3: Investigations i n the sediment . a ) Sulfate an d ammonium concentration s i n sediment 
pore water , organi c carbo n conten t i n m g pe r g  dr y weigh t o f sedimen t b ) Iro n an d tota l 
sulfur concentration s c ) Sulfat e reductio n rate s measure d in  situ  an d i n whole-cor e 
incubations in the laboratory d) Sulfur isotopic ratios of sulfur species. 
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The profile s o f the in  situ  an d laborator y incubation s sho w a  ver y simila r curvature , 
down to 3  cm depth the profile s ar e almos t identical , deeper i n the sedimen t the laborator y 
incubations sho w slightl y higher  rates . Thi s implie s tha t th e pressur e effec t o n sulfat e 
reduction rate s i s mino r and tha t th e measurement s i n the dee p wate r colum n are reliable . 
Sulfur isotope partioning during microbia l sulfate reduction is similar to the water column (Fig. 
3d). The isotopic composition of the S^ ( + pyrite) fraction i n the chemocline i s similar to that 
of surface Sediments . Heavy isotope enrichment i n the pyrite (+S^) fraction compared to co-
existing hydroge n sulfid e i s probabl y relate d t o polysulfide s an d /  o r sulfu r specie s derive d 
from organic matter . 
At th e brin e -  se a wate r interfac e o f th e dee p Urani a Basin , th e accumulatio n o f 
organic matte r stimulate s microbia l activit y whic h lead s to a  hig h secondary  productivit y i n 
the deep extreme environment. The chemoautotrophic activity sustains the two layer System, 
characterised b y a  Shar p chemocline , an d ha s a  stron g impac t o n th e biogeochemica l 
evolution o f th e brin e an d th e geologica l recor d i n th e sediment . Extremel y hig h bacteria l 
sulfate reductio n rate s i n the intermediat e laye r betwee n se a wate r an d brin e resul t i n th e 
highest sulfid e concentration s reporte d fo r a  marine basi n an d determine th e sulfu r isotopi c 
fractionation. Th e organi c carbo n i s no t preserve d i n th e sedimen t du e t o th e proceedin g 
activity of sulfate reducing bacteria i n the hypersulfidic basin. 
We conclude tha t these investigation s ar e o f grea t importanc e for th e understandin g 
of the sulfur cycling in extreme environments and the geological record of marine processes. 
3.3.3 Methods 
Water sample s were taken wit h Niski n bottles , image s were obtaine d wit h a  digita l camera 
mounted on a CTD rosette System (SBE911plus) . Two paralle l profile s were sampled at the 
same day . Dissolve d oxyge n wa s measure d i n triplicat e sample s b y Standar d Winkle r 
titration. Salinity was measured refractrometrically . Redo x potentia l was determined i n water 
samples using a platinum electrode (Ingold ) and a pH / mV - meter (WTW). 
Water sample s fo r th e analyse s o f dissolve d hydroge n sulfid e an d sulfat e wer e 
immediately transferred to 20 % zinc acetate (w/v ) and late r converted int o Ag2S and BaS0 4 
respectively, th e sulfu r isotopi c rati o wa s determine d b y combustion-isotope-rati o mas s 
spectrometry (C-irmMS) . Result s ar e give n i n th e 5-notatio n wit h respec t t o th e V-CD T 
Standard with an overall precision of +/- 0.2 %o. 
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The tota l numbe r o f bacteria l cell s wa s determine d i n wate r sample s preserve d i n 
formaldehyde-seawater Solutio n ( 2 %  fina l concentration ) b y th e AOD C (Acridyn e Orang e 
Direct Count ) metho d usin g a n epifluorescens e microscope . Sulfat e reductio n rate s wer e 
measured in triplicate water sample s tha t wer e filled from Niski n bottle s carefull y int o 1 0 ml 
serum vials . Th e vial s were fille d fro m th e botto m an d allowe d t o overflo w fo r 1 5 s  befor e 
being sealed with butyl Stoppers. Within 30 min the vials were injected with 200 kBq (50 ul) of 
carrier free 35S sulfate, thoroughly mixe d and incubated i n the dark at in situ  temperature fo r 
10 hours. Bacteria l activity was stopped b y transferring the samples int o an equal volume of 
20 % zinc acetate (w/v). 
At two depth (60 m above and 30 m below the seawater - brine interface) two paralle l 
in situ  pump s were deployed (Challenge r Oceani c Mar k II ) to collec t particulat e materia l on 
two kind s o f filter s (Nuclepor e 1. 0 um and GFF ) wit h a  diameter o f 29 3 mm . Carbo n wa s 
analysed o n 25 m m 0  subsamples o f the GF F filters b y high temperature oxidatio n usin g a 
CHN-O-Rapid HERAEU S elemen t analyser . Th e organi c carbo n fractio n wa s measure d i n 
samples pre-treated with 1  M phosphoric aci d Solution to remove carbonates. Two replicate s 
of eac h sampl e wer e ru n t o reduc e variabilit y du e t o potentia l sampl e heterogeneity . 
Elemental sulfur was determined i n the filtrate of the nuclepore filter by HPLC. 
Sediment sample s wer e obtaine d wit h a  bo x core r (5 0 c m x  5 0 cm) . Th e sedimen t 
was stratifie d wit h a  ligh t gre y colou r dow n t o approx . 1 4 c m sedimen t depth , belo w thi s 
depth th e sedimen t wa s homogeneousl y black . Subcore s (5 6 m m 0 ) wer e take n fro m th e 
boxcore and sliced in a glove bag under nitrogen atmosphere . Pore water was extracted with 
a pore water pres s from 1  cm sections and preserved i n zinc acetate (2 0 %) or zinc Chloride 
(2 %) for determination o f sulfhid e o r sulfat e respectivel y o r deep-frozen fo r th e analyse s o f 
ammonium by the flow injection metho d for smal l samples (Hal l and Aller, 1992) . Sulfate was 
measured by ion chromatography. The carbon and sulfur content were determined on dried 1 
cm sedimen t sample s b y hig h temperatur e oxidatio n usin g a  Fison s 150 0 NC S elemen t 
analyser. Sample s fo r th e determinatio n o f organi c carbo n wer e decarbonate d b y washin g 
with 1  M HCl. Wet sediment samples of 2 mm intervals were immediately transferred to 0.5 N 
or 0.25 M  hydroxylamine hydrochlorid e i n 0.25 M  HCl for the extraction o f tota l iro n Fe(ll ) + 
Fe (IM ) an d F e (II ) respectivel y an d subsequen t colourimetrica l measuremen t (Lovel y an d 
Philips, 1987). 
Determination o f sulfat e reductio n i n th e sedimen t wa s carrie d ou t usin g th e 
autonomous (ande r LUISE (lande r fo r underwate r in  situ  experiments ) (Greef f e t al. , 1998) . 
This free-falling instrumen t allow s in  situ  injectio n o f radio-labelle d sulfat e int o si x enclose d 
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sediment cores to determine sulfate reduction rates in the sediment down to 60 cm sediment 
depth. Afte r landin g o n th e se a floo r an d a n initia l wai t cycl e carrie r fre e 35 S sulfat e wa s 
injected into the cores which were then incubated directly a t the sea floor for a period o f 10-
12 hours . Immediatel y afte r recover y o n dec k th e core s wer e slice d i n 1  cm interval s int o 
20% zinc acetate Solution to stop the reaction. Parallel to the in situ incubations subcores (36 
mm 0 ) taken from a  box cor e were injecte d an d incubate d i n the laboratory . I n al l sample s 
35S incorporation into total reducible inorganic sulfur (TRIS) was determined using the single-
step chromium reductio n metho d (Fossin g an d Jorgensen , 1989) . Sulfu r specie s an d sulfu r 
isotopic compositio n wer e determine d i n 1  c m sedimen t section s tha t wer e slice d unde r 
nitrogen atmosphere into 20 % zinc acetate and deep-frozen. 
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3.4.1 Abstract 
During Meteo r cruis e M40/ 2 t o th e Aegea n Se a (Greece ) i n Decembe r 199 7 ne w 
hydrothermal area s a t water depth s o f 100-13 0 m , of f th e sout h t o south-eas t coas t o f th e 
volcanic islan d Milos , which i s locate d i n the centra l par t o f the Helleni c Volcani c Are , were 
discovered. I n a  ver y activ e ga s ventin g are a sedimen t core s wer e retrieve d tha t wer e 
characterized b y extensive outgassin g that continued even 24 hours after retrieval . By exaet 
positioning o f th e researc h vesse l alon g estimate d fractur e zone s a  ho t ven t are a wa s 
sampied successfull y an d sedimen t core s wer e brought  o n boar d shi p wit h temperature o f 
103° C . Durin g th e cruis e investigation s wer e als o carrie d ou t i n th e centra l calder a o f th e 
volcanic islan d Santorini . T o investigat e an d compar e differen t hydrotherma l areas , th e 
physical and geochemical conditions a t three samplin g stations (referenc e Station , gas vent , 
hot vent) of f Milo s an d a t one Statio n i n the northe m par t o f the centra l calder a o f Santorin i 
were studie d i n detail . Th e autonomou s lande r LUIS E wa s deploye d successfull y a t thes e 
sites t o carr y ou t in  situ  ineubation s fo r th e assessmen t o f sulfat e reductio n rate s i n th e 
different hydrothermall y influence d Sediments. 
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3.4.2 Introduction 
The increasin g discoverie s o f submarin e hydrotherma l System s alon g al l Continenta l activ e 
margins hav e raise d th e attentio n o f differen t field s o f researc h t o investigat e thei r 
importance i n th e marin e environment . Shallo w wate r hydrotherma l System s offe r th e 
opportunity t o carr y ou t detaile d investigation s i n orde r t o stud y thei r influenc e o n th e 
surrounding sedimentary environment and water column processes. 
One o f th e seismicall y mos t activ e are a o n eart h i s th e Aegea n Sea . A  majo r 
geomorphological featur e i s th e activ e Helleni c Volcani c Ar e whic h wa s forme d b y th e 
subduetion o f the African plat e belo w Europe . Th e coneav e shape d ar c Stretche s ou t from 
the mai n land of Greece to the coas t o f Turkey an d geothermal area s hav e been describe d 
for a  numbe r o f island s (Fytika s e t al. , 1989 ; Varnava s an d Cronan , 1991 ) whic h ar e 
connected b y submarin e ridges . Ther e hav e bee n relativel y fe w studie s o n submarin e 
venting activit y i n coastal  and shel f areas . Extensiv e ventin g ha s bee n reporte d recentl y fo r 
the coastal water off the island of Milos which is situated in the central par t of the arc (Fig . 1). 
Milos is one of the best studied hydrotherma l areas in the Aegean (Fytikas , 1989; Botz et al., 
1996; Crona n an d Varnavas , 1993 ; Fitzsimmon s e t al. , 1997) . A n are a o f 3 5 km 2 
geothermally activ e seabe d (Dand o e t al. , 1995a) ha s bee n calculate d t o oeeu r around th e 
island mainly off the south to the south-east coast from the shore line to 300 m water depth. 
Because o f the shallow wate r depth venting i s of the gasohydrothermal typ e with gas 
and ho t fluid (< 150° C) emerging through the sandy se a floor. Gase s mainl y consis t o f C0 2 
(up t o 9 0 % ) wit h H 2, H 2S an d CH 4 als o presen t a t concentration s o f 3 , 8  an d 10 % 
respectively (Dand o et al. , 1995a; Fitzsimmons e t al. , 1997) . Durin g recen t investigation s i n 
Palaeochori Ba y (Ziebi s e t al. , submitted) i t was show n tha t ventin g activit y oecurre d alon g 
fracture zone s an d i s mos t intens e wher e faul t line s intereept . I n som e area s extensiv e 
streams of gas bubbles emerged from the sea floor, releasin g larg e volumes of gases to the 
water column. In other areas the sedimen t i s covered b y white and yellow precipitate s and i t 
was shown that in these zones ho t aeidie vent fluid emerged through the permeable se a bed 
(Ziebis e t al. , submitted). A  numbe r o f studie s ha s bee n carrie d ou t t o investigat e ventin g 
activity i n the coastal  area down to 8 0 m  water depth a s par t o f Mast- 2 an d Mast-3 projeet s 
(Dando e t al. , 1995a ; Dand o e t al. , 1995b ; Fitzsimmon s 1997 ; Southwar d e t al. , 1997 ; 
Thiermann e t al. , 1994 , 1997 ) bu t beyon d 10 0 m  wate r dept h onl y som e site s o f activ e 
venting hav e bee n discovere d an d no t ye t investigated . Th e biogeochemistr y o f 
hydrothermally influence d surfac e Sediment s i n coasta l an d shel f area s ha s bee n very littl e 
investigated s o far . I n Santorin i thre e volcani c island s ar e borderin g a  centra l calder a an d 
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two centra l islands , Palae a Kamen i an d Ne a Kameni , wher e th e centr e o f hydrotherma l 
discharge i s locate d (Smit h an d Cronan , 1983 ; Cronan e t al. , 1995) . Durin g Meteo r cruis e 
M40/2 i t wa s ou r ai m t o fin d othe r area s o f hydrotherma l activit y i n deepe r wate r of f th e 
island o f Milo s an d i n th e centra l calder a o f Santorini . Objective s wer e t o investigat e an d 
compare th e geochemistr y an d biogeochemica l processe s (sulfat e reductio n rates ) a t 
different hydrothermall y influenced sites. 
3.4.3 Materials and  Methods 
3.4.3.1 Study area and sampling 
During a cruise with R V Meteor to the Aegean Se a i n December 1997 , three station s south-
east of f th e islan d Milo s an d on e Statio n i n th e norther n par t o f th e centra l calder a o f 
Santorini island were investigated. Sediment sampling was carried out with a box corer (50 x 
50 cm) and a multiple corer . Inspectio n o f the sea floor prio r to sampling was done usin g an 
ROV. Of f th e sout h coas t o f Milos , a t Stn . 618, n o hydrotherma l activit y was obviou s an d i t 
was chosen as „reference Station" . In order to find active areas , we projecte d the geologica l 
fault zones , know n from a geologica l ma p o f th e islan d Milos , of f shore . I t was know n fro m 
previous investigation s tha t th e vent s of f th e coas t o f Milo s i n Palaeochor i Ba y appeare d 
along thes e fractur e zone s an d activ e ventin g wa s mos t intens e a t the interceptio n o f faul t 
lines (Ziebi s e t al. , submitted). T o th e south-eas t o f the island , at a  crossing o f prolongue d 
fault lines , intens e ga s bubblin g coul d b e see n b y ech o sounding . Samplin g wa s onl y 
possible with the box corer and we retrieved sediment cores that were vigorously outgassing. 
Gas bubbles even continued to emerge from the sediment cores 24 hours after retrieval . This 
Station i s name d „Milo s ga s vent " i n the following . Durin g furthe r inspectio n o f th e area , a t 
Stn. 786 , we discovere d b y RO V inspection , area s tha t wer e covere d b y whit e an d yello w 
precipitates, indicatin g hydrotherma l activity . W e succeede d t o sampl e exactl y i n a n activ e 
area and the sediment core brough t on deck ha d a  temperature o f 103 ° C. This Station was 
called „Milos ho t vent" (see Fig . 2 for positions and Table 1) . During the course of the cruis e 
along th e Heleni c Volcani c Are , w e trie d t o fin d activ e area s als o i n th e centra l calder a o f 
Santorini. Althoug h RO V inspectio n an d echosoundin g gav e n o indicatio n o f hydrotherma l 
activity, w e chos e a  Statio n i n th e norther n par t o f th e calder a (Stn . 714) , wher e ventin g 
activity i s believed t o occur. Thi s Statio n was name d „Santorin i caldera " (Fig . 3) . The exac t 
positions an d th e wate r depth s ar e liste d i n Tabl e 1 . At th e sam e site s th e autonomou s 
lander LUIS E wa s successfull y deploye d fo r in  situ  ineubation s t o asses s sulfat e reductio n 





Fig. 1 : Ma p o f th e Aegea n Se a indicatin g th e locatio n o f th e volcani c island s Milo s an d 
Santorini (Thira) situated on the Hellenic Volvanic Are. 
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Fig. 3 : The islan d Santorin i with th e sampling Statio n indicated . 
Table 1 . Sampling station s 
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3.4.3.2 Sediment profiles 
Sediment core s wer e brough t immediatel y afte r retrieva l t o th e laborator y fo r measurin g 
profiles o f temperature alon g with pH , redox potentia l an d oxygen ; pH was determined i n 1 
cm dept h intervals  usin g a  combinatio n p H electrod e togethe r wit h a  temperatur e prob e 
connected t o a  WTW pH/m V meter , thu s th e p H value s wer e temperatur e compensated . 
Redox potentia l wa s measure d wit h a n Ingol d electrod e usin g th e sam e meter . Dissolve d 
oxygen wa s measure d usin g clark-typ e micro-electrod e mounte d o n a  micromanipulator , 
profiles were measured in depth increments of 250 um. 
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3.4.3.3 Chemical analyses 
Sediment cores were slice d unde r nitroge n atmospher e i n a glove bag . For the analyses o f 
iron concentrations Sediment s were sectioned in 0.2 cm intervals for the top 1  cm Sediment, 
in 0.5 cm section to a depth of 1 0 cm and in 1 cm section below this depth. Poorly crystalline 
Fe (III ) an d HC l extractabl e F e (II ) concentration s wer e extracte d fro m Sediment s an d 
analyzed accordin g t o a  metho d described b y Lovle y an d Phillip s (1987 ) an d modification s 
by Kostk a an d Luthe r II I (1994) . 20 0 m g o f subsampl e (we t sediment ) o f eac h sedimen t 
section was added to 1 0 ml 0.5 M  HCl in a pre-weighed plasti c vial . After shakin g for 1  hour 
the sample centrifuge d (5 min. , 4000 rpm) . 10 0 u l of the supernatan t wer e added to 5  ml of 
Ferrozine ( 1 g  I" 1) i n 5 0 m M Hepe s buffe r a t p H 7 . F e (II ) wa s subsequentl y determine d 
spectophotometrically at 562 nm. For the determination of total HCl extractable iro n a second 
subsample (10 0 ul ) wa s adde d t o a  reducin g Ferrozin e Solutio n (Ferrozin e wit h 1 % 
hydroxylamine hydrochloride ) an d measure d afte r 3  h  reaction time . F e (III ) wa s caiculate d 
as the difference between total Fe and Fe (II) concentrations. 
For th e extractio n o f por e wate r sedimen t core s wer e sectione d unde r nitroge n 
atmosphere i n 1  cm section s tha t wer e squeeze d i n a  por e wate r pres s unde r nitroge n 
pressure. Sample s wer e dee p froze n fo r th e late r analyse s o f ammonium , manganese , 
barium an d lithium . Por e wate r fo r dissolve d sulfid e an d sulfat e wer e transferre d t o 20 % 
(wt/vol) ZnAc an d 2% (wt/vol ) ZnCI 2 respectively . Ammoniu m wa s analyze d b y usin g a  flow 
injection Syste m with ga s exchang e an d conductivit y detectio n (Hal l an d Aller , 1992) . Bul k 
concentrations o f manganese , lithiu m and bariu m i n por e wate r sample s wer e analyse d b y 
using IC P -  MS . Sulfid e wa s measure d usin g th e methylen e blu e metho d (Cline , 1969) . 
Sulfate was determined b y non-suppressed anio n chromatography usin g a  Waters 510 high 
Performance liquid chromatography pump , a Waters WISP 712 autosampler (100 ul injection 
volume), a Waters IC-Pa k anion exchange column (59 x 4.6 mm ) an d a Waters conductivity 
detector. 
Subcores fo r th e determinatio n o f tota l carbon , nitroge n an d sulfu r a s wel l a s fo r 
sediment porosit y an d densit y wer e sectione d i n 1  c m interval s an d froze n unti l furthe r 
processing i n the laboratory . Porosit y wa s determined o n subsamples tha t were dried a t 60° 
C. C , N  and S  concentrations wer e analyze d using a  Fisons 150 0 NC S elementa l analyzer . 
Organic carbo n was measured i n subsamples tha t were decarbonated b y washing with 1  M 
HCl prior to analysis. Inorganic carbon (Cj n) was caiculated from the difference betwee n total 
carbon and organic carbon (Corg) -
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3.4.3.4 Sulfate reduction rate measurements 
In situ radiotracer measurements wlth the benthic lander LUISE 
In situ radiotrace r measurement s o f sulfate reductio n were carrie d ou t with the autonomou s 
benthic lande r LUIS E (Greef f e t al. , 1998 ) (Fig . 4) . Th e free-fallin g Syste m lowere d si x 
polycarbonate coreliner s with a length o f 60 c m (0 36 mm) int o the sediment. One core liner 
can be replaced b y a temperature sensor for in  situ measurement to a sediment depth o f 60 
cm. After a  lag period (pre-programmed security time unti l the lander reache d the sea floor), 
radio-labelled sulfat e dilute d i n botto m wate r fro m th e sam e Statio n wa s injecte d int o th e 
cores. B y means of a  central spindlebar , drive n b y electrica l motors , canulas were verticall y 
inserted int o each core injecting 500 u l tracer Solutio n (200 kBq 35S042", Amersham) i n 1  cm 
depth increments . Th e core s wer e incubate d a t th e se a floo r fo r period s o f 7  t o 1 1 hour s 
depending o n th e wate r depth . Longe r incubatio n period s wer e planne d fo r deepe r area s 
because sulfate reductio n rate s were expected to be lower. Immediately after recover y o f the 
lander, th e core s wer e slice d int o centrifug e tube s containin g 1 0 m l ZnA c Solutio n t o sto p 
further bacteria l activity . The upper 0-5 c m were sectioned int o 1  cm segments, the following 
5-15 cm into 2 cm segments and the remaining cor e into 5  cm segments. The samples were 
kept refrigerated (4° C) until further processing. 
*0*fi jteA<* 
ff'' T r^^ y l !*s,f**' 
Fig. 4: The benthic lander LUISE (Lander for Underwater in  situ Experiments ) 
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3.4.3.5 Whole core laboratory experiments 
In orde r t o evaluat e potentia l difference s betwee n in  situ  an d laborator y studies , sulfat e 
reduction rate s were also determined in the laborator y usin g a whole-core ^SO/" incubatio n 
method (Jorgensen , 1978) . Thre e o r mor e undisturbe d sedimen t core s (wit h th e sam e 
diameter a s th e in  situ  cores ) wer e subsample d fro m freshl y collecte d sedimen t core s 
obtained by a multiple corer deployed at the same location s as the lander . Immediatel y afte r 
subsampling the cores were injected horizontall y with 1 0 p l tracer Solutio n (20 0 kB q ^SO^ " 
per injection ) throug h silicone filled port s a t 1  cm intervals . The subcore s were incubate d i n 
the dar k a t in  situ  temperatures. The incubatio n tim e was equa l to the time perio d o f th e in 
situ incubation s a t th e sam e locations . A t th e en d o f th e incubatio n experiment s bacteria l 
activity was stopped by slicing 1  cm sections of the cores into 1 0 ml ZnAc Solution . Samples 
were store d a t 4° C  unti l further processing . At al l stations in  situ  and laborator y SR R were 
calculated from three replicate cores. 
3.4.3.6 Incubation experiments in a temperature gradient block 
The temperature gradient was regulated i n an insulated bloc k of aluminium (1. 3 m  long, 1 5 x 
15 c m Squar e size ) b y heatin g electricall y a t on e en d an d coolin g wit h a  circulatio n 
thermostat a t the othe r end . A constan t temperatur e gradien t betwee n 8 ° C  and 9 7 ° C was 
established for the experiments. Sediment cores (0 1 0 cm) retrieved by a multiple corer were 
subdivided int o 2 or 3 depth ranges (0-7 cm, 8-15 c m and 15-2 1 cm). Subsamples of 1 0 cm3 
were transferre d unde r nitroge n atmospher e t o 1 5 m l Kimbl e vials , tha t wer e close d wit h 
butyl stoppers and scre w capped . The vial s were place d int o the holes o f the therm o bloc k 
for a  temperature equilibratio n tim e o f 30 min . The bloc k consiste d o f 3  rows with 1 4 holes, 
thus allowing incubations at 1 4 different temperature s i n intervals o f 5-6° C  of three replicat e 
samples. After 30 min. 10 ul tracer tracer Solution (200 kBq 35S042") was injected through the 
butyl stoppe r an d the sampl e wa s mixe d vigorously . Th e sample s wer e incubate d fo r 8-1 0 
hours. Metaboli e activity wa s terminate d b y fixing sedimen t sample s i n 20 m l o f 20 % ZnAc 
Solution. The samples were kept cooled (4° C) until further processing i n the laboratory . 
All laboratory and in situ SRR were determined using a Single step aeid Cr+-distillation 
method t o volatiliz e an d tra p th e tota l reduce d sulfu r specie s a s AV S an d CR S ( 35S042" 
incorporated int o AVS aei d volatile sulfid e =  dissolved sulfid e +  iron monosulfide ) an d CR S 
(Cr-reducible S  =  pyrit e +  elementa l S ) (Fossin g an d Jorgensen , 1989) . Th e H 2S tha t 
evolved from the total reduce d inorgani c sulfu r (TRIS ) was precipitate d i n ZnAc traps . Afte r 
the distillation , th e Zn S Suspensio n wa s mixe d wit h scintillatio n flui d (Ultim a Gol d XR , 
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Packard) and counted i n a liquid scintillation counter . Sulfat e reductio n rates were calculate d 
according to Jorgensen (1978). 
3.4.4 Results 
3.4.4.1 Sediment description 
Off th e coas t o f Milo s the sedimen t a t the referenc e Statio n ha d a  homogenous ligh t brow n 
color an d consiste d mainl y o f quart z san d o f a  media n grai n siz e o f 20 0 um . Th e core s 
retrieved from the gas vent Station were composed of a slightly finer sand , median grain siz e 
180 u m an d th e sedimen t ha d a  gra y colo r throughou t th e sedimen t depth . Intensiv e ga s 
bubbling occurred i n the core s (Fig . 5) . The uppermos t 0-1 0 c m o f the sedimen t o f the ho t 
vent sampl e ha d a  yellow-brownis h colo r an d wer e compose d o f san d (media n grai n siz e 
180 um). On the sedimen t surfac e yellow colore d an d white fluffy precipitate s were found i n 
some cores . In recent investigatio n a t shallow submarin e vent s i n the ba y o f Palaeochori , i t 
was shown that the precipitat e forms i n areas where hot , sulfidi c ven t fluid i s emerging from 
the se a floo r (Ziebi s e t al. , submitted) . Belo w 1 0 c m dept h th e sedimen t wa s mor e 
Consolidated and consisted o f a dark gray silt y sand. At 25 cm depth the sediment was very 
compacted and coring was limited to the upper sediment . Fro m the gas vent and even mor e 
from th e ho t ven t sampl e a n intensiv e H 2S smel l wa s obvious . Sulfid e measurement s 
showed values between 200 and 500 uM (data no t shown) fo r the ho t vent samples . Durin g 
sampling procedur e th e H 2S emerged from the sediment , especiall y b y the Strippin g o f ga s 
bubbles i n the ga s vent , thu s th e measurement s ar e believe d t o hav e underestimate d th e 
sulfide Content s o f the sample s an d ar e no t shown here . I n previous investigation s th e H2S 
concentrations i n area s o f ho t flui d ventin g i n Palaeochor i Ba y wer e i n th e räng e o f 1-1. 5 
mM. 
The sedimen t cores taken i n the centra l Santorin i caldera ha d a conspicuous reddis h 
color. The uppe r 1 0 cm of the caldera sedimen t was a  very soft , red-brownis h mu d (Fig. 7). 
Below thi s dept h th e sedimen t wa s Consolidate d an d th e colo r change d t o green-brown . 
Below 1 5 cm dept h th e sedimen t wa s a  compacte d gray-greenis h clay . A t 2 3 c m dept h a 
three cm thick pumice tuff layer occurred. 
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Fig. 5: Box - core sample of the gas vent showing the vigorous emerging of gas bubbles 
„v4"***» 
»t' ^ »H * ,-*i**5i> • •-•'#1. 1 
Fig. 6 : Hot vent i n shallow wate r depth(12 m) in Palaeochor i Ba y of f the islan d Milos . White 
and yellow precipitates cover the sediment surface, where hot vent fluid is emerging from the 
sea floor. 
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Fig. 7 : Box - cor e sample retrieved from the sea floor of the central Santorini caldera. 
3.4.4.2 Profiles 
The temperature, pH , redox potentia l and oxygen profiles measure d i n sediment core s taken 
at th e thre e station s of f Milo s (referenc e Station , ga s vent , ho t vent ) showe d significan t 
differences betwee n non-hydrotherma l area an d hydrotherma l areas as well as between th e 
two hydrothermal stations (Fig . 8). 
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Fig. 8: Profiles of temperature, pH and redox potentia l measured in sediment core s retrieved 
from the three Milos stations 
The temperature i n the sedimen t cor e taken i n the ga s vent are a di d no t diffe r fro m 
the ambient sedimen t temperature although there was a  slight increas e o f temperature wit h 
sediment depth . I n contras t th e p H wa s 3  unit s lowe r tha n th e value s measure d a t th e 
reference Statio n an d stayed constan t with depth . The redo x potentia l exhibite d a  two times 
thicker oxidized surface laye r (6 cm) than the core from the reference Station (3 cm) (Fig. 8a, 
b). Oxygen penetrated down to 1 2 mm compared to 7-8 m m oxygen penetratio n depth (Fig. 
9a, b ) i n th e sand y sedimen t o f th e referenc e Station . Th e oxyge n profil e als o showe d a 
penetration o f surfac e wate r wit h hig h oxyge n concentratio n dow n t o a  dept h o f 7  mm . 
Compared to the typica l curvatur e o f diffusiv e oxyge n transpor t i n the cor e o f the referenc e 
Station a  different transpor t proces s was believe d to be responsible . I t is suggested tha t the 
vigorous upwar d flow o f gas bubbles lea d to a  constant mixin g withi n the uppe r layer , thu s 
transporting oxyge n int o th e sediment . Thi s woul d als o explai n th e profil e o f th e redo x 
potential. Th e core taken i n the ho t ven t are a ha d an elevate d temperatur e o f 33 ° C  at th e 
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surface whic h increase d wit h Sedimen t dept h t o 103 ° C  a t 1 2 c m Sedimen t depth . Th e p H 
value droppe d mor e tha n 3  unit s fro m 7. 4 a t th e sedimen t surfac e t o 4  a t 4  c m sedimen t 
depth. Th e sedimen t wa s reduce d belo w 2  c m sedimen t wit h extremel y negativ e redo x 
potential values o f -380 mV . Oxygen decrease d a t the sedimen t wate r interfac e t o 50 % ai r 
Saturation and only littl e oxygen penetrated int o the top 1  mm of the sediment (Fig . 9c). This 
core showe d a n obviou s hydrotherma l influenc e o f hot , acidic , reduce d ven t fluid . Th e 
sediment cor e retrieve d fro m th e se a floo r o f th e Santorin i calder a showe d similar 
temperature, pH and redox potentia l profiles as were measure d a t the Mill s reference Statio n 
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Fig. 9 : Gradient s o f dissolve d oxyge n measure d wit h clark-typ e microelectrode s i n th e 
sediment cores taken at the three Milos stations and at the Santorini caldera Station . Profiles 
were measured i n depth intervals of 250 um. 
The dept h distributio n o f por e wate r sulfat e an d ammoniu m concentration s showe d 
significant differences i n the four investigated areas. 
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Fig. 10 : Depth distributio n o f por e wate r ammoniu m an d sulfat e concentration s (Not e th e 
different scale s for ammonium concentrations) . 
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The sedimen t o f th e referenc e are a ha d a  typica l constan t se a wate r sulfat e 
concentration of 22 mM. Ammonium was dose to detection limi t in the upper 5 cm, below this 
depth ammoniu m concentratio n increase d wit h sedimen t dept h t o 4 0 u M (Fig . 10a) . I n the 
sediment o f th e ga s ven t th e sulfat e concentratio n ha d norma l se a wate r value s bu t 
ammonium wa s deplete d t o concentration s o f 5-1 2 uM , showin g onl y sligh t increas e wit h 
depth (Fig. 10b). The homogenous distribution of ammonium throughout the sediment further 
constrained a  mixing o r Stripping effec t b y the out-gassing . The sedimen t cor e taken a t the 
hot ven t sedimen t wa s extremel y enriche d i n ammoniu m o f u p t o 40 0 uM . Th e profil e 
indicated a  flux o f ammoniu m fro m th e sedimen t int o th e wate r column . I n contras t sulfat e 
concentrations wer e lowe r tha n i n th e ambien t se a wate r an d decrease d wit h dept h (Fig . 
10c). Thi s i s i n accordanc e wit h recen t investigation s o f hydrotherma l vent s i n the shallo w 
area o f Palaeochor i Ba y (Ziebi s e t al. , submitted ) tha t showe d a  depletion o f sulfat e i n the 
hydrothermal flui d emergin g throug h th e uppe r permeabl e se a be d an d a n enrichmen t o f 
ammonium of up to 900 uM. 
In th e sedimen t cor e o f th e Santorin i calder a sulfat e concentratio n showe d n o 
difference t o ambien t se a wate r concentration s an d ammoniu m concentration s wer e 
comparable to the Milos reference Station (Fig. 10d). 
The concentratio n o f bariu m an d lithiu m i n por e wate r o f th e 4  site s reveale d a 
significant hydrothermal Signal in the gas vent and in the hot vent area. The sediment core of 
the referenc e Statio n showe d hig h bariu m concentratio n aroun d 250 0 n M an d lithiu m 
concentrations o f 28 uM, which were constan t with sediment depth (Fig . 11a) . The sedimen t 
core take n a t th e ga s ven t agai n showe d a  ver y homogenou s distributio n throughou t th e 
core. Lithium occurred i n similar concentrations as in the reference sedimen t bu t barium was 
drastically depleted to a concentration o f 100 nM (Fig. 11b). The hot sediment cor e exhibited 
also an anomaly o f very lo w bariu m concentration s an d they increase d wit h dept h from 400 
nM at the surfac e to 100 0 nM at 20 cm sedimen t depth . The profil e o f lithiu m concentration 
showed a n enrichment wit h dept h from 5 0 to 10 0 u M (Fig . 11c) . The por e wate r profile s i n 
the ho t ven t sedimen t sugges t a  flux o f bariu m an d lithiu m from th e sedimen t t o th e wate r 
column. Th e concentratio n profile s measure d i n the sedimen t cor e o f th e Santorin i calder a 
were simila r t o th e Milo s referenc e Statio n measurement s an d showe d n o obviou s 
hydrothermal influence. 
The concentration s o f iro n an d manganes e showe d significan t difference s betwee n 
the sediment cores sampied at the three Milos stations and the sediment core extracted from 
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Fig. 11 : Dept h distributio n o f por e wate r bariu m an d lithiu m concentrations . (Not e th e 
different scale s for the bariu m concentrations) . 
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Fig.12: Dept h distributio n o f iro n concentration (tota l F e ,  Fe I I and F e III ) extracte d fro m we t 
sediment sample s an d distributio n o f manganes e measure d i n pore water samples . 
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Concentrations o f HC l extractabl e iro n a t th e referenc e Statio n an d th e ga s ven t 
Station were in the same ränge (Fig. 12). Except for the upper mm, where low concentration s 
of ferric iro n were measured , th e tota l iro n wa s mainl y F e (II) . The mai n difference wa s a n 
increase of iron concentration with depth i n the gas vent core. In contrast, the sediment cor e 
from the hot vent exhibited 2-3 times higher total iron concentrations (Fig . 12e) and in the top 
5 cm i t consisted mainl y o f Fe (III) . I t is unlikely tha t the iron i s oxidized by dissolved oxyge n 
in thi s sedimen t thus , i t i s suggeste d tha t a  thermall y influence d oxidatio n i s taking place . 
Manganese concentration s wer e als o simila r a t th e referenc e Statio n an d a t th e ga s vent , 
while a n enrichmen t wa s show n a t th e ho t ven t wit h increasin g concentration s a t deepe r 
sediment depths. The sediment core from the Santorini caldera exhibited extremely high total 
iron concentration s o f u p t o 300 0 u M g~ 1 sediment we t weight , a n increas e b y a  factor o f 
more tha n 10 0 compared to th e othe r station s (Fig . 12g) . Th e iro n conten t wa s constantl y 
high down to 8 cm sediment depth and was composed of almost equal portions of Fe (II) and 
Fe (IM) . Below this depth total iro n concentrations decrease d and consisted mainl y o f Fe (II). 
Below 5  c m sedimen t depth , manganes e concentration s wer e als o enriche d 1 0 time s i n 
comparison t o th e Milo s Sediments . Thes e measurement s ar e i n accordance  wit h 
investigations b y Crona n e t al . (1995) , wh o explaine d thi s enrichmen t b y a  hydrotherma l 
input o f iro n an d manganes e t o th e uppe r sedimen t laye r i n thi s par t o f th e calder a fro m 
presently activ e hydrotherma l vent s of f th e Kamen i Islands . Othe r author s (Puchel t e t al. , 
1973) believ e tha t the meta l enrichments occur i n Sediments overlying geoiogica l faults an d 
the enrichments resul t from the leaching of underlying rocks by hot acidic Solutions. 
A comparison of the total nitrogen and sulfur Contents as well as the concentrations o f 
organic carbo n i n th e differen t area s depicte d a  differenc e betwee n hydrothermall y 
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Whereas nitrogen occurred i n similar  lo w concentrations a t the referenc e Statio n and 
at the gas vent, it appeared in even lower concentrations i n the hot sediment (Fig . 13a, c, e). 
Inorganic carbo n wa s markedl y decrease d i n th e ga s ven t an d th e ho t ven t sampl e 
compared to the non-hydrotherma l sediment b y a  factor o f 5  to 10 , respectively du e to th e 
conditions of low pH. Organic carbon concentrations were low in all three sediment cores (3-
4 u g g -1 sedimen t dr y weight ) an d showe d onl y a  mino r differenc e betwee n the stations . A 
major differenc e wa s show n i n th e tota l sulfu r conten t o f th e ho t ven t sampl e wit h a n 
enrichment of up to 24 ug g-1 sediment dry weight compared to 2 ug at the referenc e Station 
and 5  ug at the gas vent Station (Fig . 13b, d, f). At a  sediment depth o f 1 4 cm sulfur conten t 
is increasin g i n th e ga s ven t sedimen t core . Th e organi c carbo n t o sulfu r rati o differe d 
accordingly an d showed very lo w value s i n th e ho t sediment . Th e Santorin i sedimen t cor e 
had highe r inorgani c a s well organic carbo n content s (1 0 ug g~1 sediment dr y weight ) alon g 
with increase d tota l nitroge n concentration s (1 5 u g g" 1 sedimen t dr y weight) . Th e sulfu r 
concentrations wer e lo w ( 2 u g g -1 sedimen t dr y weight ) an d consequentl y th e C 0^/S ratios 
were much higher than measured in the Milos Sediments (Fig. 13g, h). 
3.4.4.3 Sediment sulfate reduction rates 
Sulfate reductio n rate s i n laborator y an d in  situ  incubate d sedimen t core s of f Milo s showe d 
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Fig. 14 : Dept h profile s o f sulfat e reductio n rate s a t th e referenc e Statio n a ) measure d i n 
laboratory whole core incubations b) measured in in situ incubations. 
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Fig. 15: Depth profiles of sulfate reduction rates a) measured at the hot vent Station and b) at 
the gas vent Station. 
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Fig. 16: Depth profiles of sulfate reduction rates measured at the Santorini caldera Station, a) 
in situ incubations b) whole core laboratory incubations. 
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The highest sulfate reductio n rates of 28 nmol cm"3 d"1 were measured in the hot vent 
Sediment (Fig . 1 5 a) . Th e ga s ven t ha d a  maximu m SR R o f 1 8 nmo l cm" 3 d" 1 (Fig . 15b) . 
Highest rate s occurred i n both Sediments just belo w th e sedimen t surface betwee n 2  and 3 
cm sedimen t depth . Sulfat e reductio n rate s i n non-hydrothermal , sand y Sediment s wer e 
significant lower than at the vent Site Sediments (Fig . 14). They varied from 2.4 to 6 nmol cm" 
3 d"1 with a minor peak at 2 cm sediment depth. Sulfate reduction rates decreased to 1  nmol 
cm"3 d"1 or less below 1 5 cm sediment depth. At the reference Station in situ rates were in the 
same orderas shipboard measured sulfate reduction rates (Fig. 14). 
SRR in the iron rieh Sediments of the caldera of Santorini were also very low (Fig. 16). 
Rates, obtained from laboratory and in situ ineubation s varied between 2 and 5 nmol cm"3 d"1 
at 1- 3 c m sedimen t depth . The in  situ  ineubation s showe d lowe r rate s tha n th e laborator y 
ineubation experiments. This effect migh t be explained by the deeper wate r dept h o f 38 1 m 
in the caldera compared to 100 to 130 m water depth at the Milos stations. 
Sediment dept h integrate d rate s (1 5 cm ) o f in  situ  obtaine d SR R i n th e Santorin i 
caldera varie d fro m 0.1 2 t o 0.1 8 mmo l m" 2 d" \ wherea s laborator y ineubate d Sediment s 
revealed area l rate s o f 0.1 8 to 0.2 9 mmo l m" 2 d" 1. I n compariso n th e area l rate s o f in  situ 
ineubations at the sandy referenc e Statio n of f Milo s were highe r (0.2 3 to 0.68 mmo l m" 2 d'1), 
than laborator y measure d SR R which varied between 0.14 t o 0.42 mmo l m" 2 d'1. At the ven t 
sites slightly higher areal rates were calculated (0.26 to 0.89 mmol m"2 d~1). 
3.4.4.4 Temperature gradient block experiments 
The ineubatio n o f sedimen t sample s alon g a  temperature gradien t o f 8 ° to 97 ° C  showed a 
different effect o f temperature Variation on sulfate reduction rates in the different areas. 
At th e Milo s referenc e Statio n SR R reache d i n th e uppe r 0- 7 c m sedimen t laye r 
values aroun d 1 0 nmol cm" 3 d" 1 with a  maximum found a t a  temperature aroun d 3 0 ° C (Fig . 
17a). Wit h increasin g temperatur e th e rate s becam e lower . I n th e deepe r sedimen t laye r 
SRR exhibite d two conspieuou s peak s aroun d 40° C  and 90 ° C . Although th e secon d pea k 
was no t so significant, the increased activity a t these temperatures m y indicate a  mesophili c 
group o f sulfat e reducin g bacteri a havin g optimu m condition s aroun d 40 ° C  a s wel l a s a 
thermophilic group that i s stimulated b y the high temperatures o f 90° C, although the in  situ 
temperature was around 18° C through out the sediment a t this Station. 
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Fig. 17 : Sulfate reductio n rate s obtaine d from temperature gradien t incubation s o f sediment 
samples fro m th e Milo s referenc e Statio n (a , b) and sediment sample s fro m th e Santorin i 
caldera (c , d). Incubations were carried out with two different sedimen t sections (0-7 cm and 
8-15 cm). 
The SRR measured in Santorini samples were much lower and showed no significant 
peaks along the temperature gradient in both sediment layers (Fig. 17c, d). 
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Fig. 18 : Sulfate reductio n rate s obtained from temperature gradien t incubation s o f sediment 
samples of the gas vent Statio n (a,b,c ) an d the ho t ven t Statio n (d , e, f) . Experiment s were 
carried out with sediment from three different depth intervals (0-7 cm, 8-14 cm, 15-21 cm). 
In the surface laye r SRR wa s comparabl e a t bot h station s wit h a  peak a t 40° C  and 
50° C, although i t is questioned i f these peak s are significant (Fig . 18a, d). There seemed to 
be als o a  sligh t increas e o f SR R i n th e ho t ven t sampl e a t a  temperature o f 95 ° C . I n th e 
lower laye r (8-1 4 c m ) , the SR R i n the ho t ven t sedimen t wa s lo w a t al l temperatures (Fig . 
18e), whereas in the gas vent samples the SRR showed an increase compared to the upper 
sediment sectio n an d showe d a  mino r increas e aroun d 30 ° C  an d als o a t highe r 
temperatures o f 75 ° C  -90° C  (Fig . 18b) . I n the third sedimen t sectio n (15-2 1 cm ) th e SR R 
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stayed low at all temperatures in hot vent sediment samples (Fig . 18f).The sediment samples 
of the gas vent showed two peaks along the temperature gradient , the first around 40° C and 
the secon d a t 90 ° C , thi s i s ver y simila r t o th e result s o f th e incubation s o f th e referenc e 
Station Sediments. Although the highest temperature was measured in the hot vent sedimen t 
there seeme d t o b e n o sulfat e reducin g activit y adapte d t o hig h temperature . Th e hars h 
conditions o f low pH, high ammonium concentrations a s well as the very lo w organic carbo n 
concentrations i n thi s sedimen t ma y preven t microbia l sulfat e reducin g activity . I n th e 
ambient sedimen t o f th e referenc e Statio n an d a t th e ga s ven t Statio n mesophili c bacteri a 
favouring a temperature o f 40° C  and thermophilic bacteri a preferrin g a  temperature aroun d 
90° C seemed to be stimulated. 
3.4.5 Conclusions 
The thre e samplin g station s of f th e islan d Milo s showe d significan t difference s i n 
geochemical characteristic s althoug h the y wer e locate d i n dose proximit y t o eac h othe r of f 
the south-easter n coas t a t comparabl e depths . I n the gas vent are a a  mixing o f por e wate r 
constituents seeme d to occur i n the surfac e sedimen t due to the uplif t effec t o f continuousl y 
emerging ga s bubbles . Th e strea m o f ga s bubble s carrie s massiv e volume s o f ga s t o th e 
water column but also induce s a  flux o f solutes from the sedimen t to the water column . The 
temperature wa s no t increase d bu t th e p H wa s ver y low . Th e sedimen t wa s deplete d i n 
barium bu t slightl y enriche d i n manganese . Th e ho t ven t are a wa s characterize d b y hot , 
acidic, reduce d por e water tha t ha d also hig h ammoniu m an d sulphid e concentrations . Th e 
sediment wa s deplete d i n bariu m bu t slightl y enriche d i n lithiu m an d ver y enriche d i n iro n 
compared to the surrounding sediment. Fro m the hot vent area high fluxes from the sedimen t 
to th e wate r colum n o f trac e elements , metal s an d nutrient s tha t ar e transporte d i n th e 
upward flowing hydrotherma l fluid are expected. Inorgani c carbo n was very lo w a t both ven t 
sites du e t o th e lo w p H values . Organi c carbo n an d tota l nitroge n wer e als o low . Sulfat e 
reduction wa s higher  i n th e surfac e Sediment s o f th e ven t site s compare d t o th e non -
hydrothermal site . Th e rate s wer e comparabl e t o othe r measurement s i n sand y Sediment s 
(Battersby e t al. , 1985) . Incubatio n experiment s alon g a  temperatur e gradien t showe d n o 
effect o f increase d temperatur e i n th e ho t ven t samples . SR R wa s restricte d t o th e uppe r 
sediment layer , below this depth the extreme conditions of low pH, high ammonium and high 
sulfide concentrations , a s wel l as the lo w organi c conten t see m to preven t bacteria l sulfat e 
reduction. Sulfat e reductio n rat e maxim a wer e foun d a t th e referenc e Statio n i n th e Iowe r 
sediment horizon (8-1 4 cm), at temperature around 40° C and 90° C indicating a  mesophili c 
and a  thermophilic bacteria l populatio n o f sulfat e reducer s respondin g t o these temperatur e 
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conditions. Similar effects were shown i n the gas vent samples, where condition s ar e no t as 
harsh as in the hot vents and SRR takes place also deeper in the sediment. 
The mai n characteristi c o f th e Santorin i calder a sedimen t wa s th e extrem e 
enrichment i n iro n an d manganese . Othe r Signal s o f hydrotherma l influenc e wer e no t 
obvious. The Sediments seem to receive hydrothermal inpu t of iron and manganese enriche d 
fluids from active vents of f the Kamen i islands (Crona n e t al. , 1995) . Sulfate reductio n rate s 
were very lo w and no t stimulated by increasing temperature. Iro n reduction plays probably a 
more important role in these Sediments. 
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4. Zusammenfassung un d Ausblic k 
Mehrere Forschungsreisen i m Verlauf dieser Arbeit ermöglichten es, Sulfatreduktionsraten i n 
marinen Sedimente n unte r extreme n Umgebungsbedingunge n z u untersuchen . A n de n 
ausgewählten Probenahmestandorte n wurde n Sulfatreduktionsrate n teilweis e zu m erste n 
Mal, sowoh l unte r in  situ  Bedingunge n al s auc h durc h Laborinkubatione n a n Bor d eine s 
Forschungsschiffes gemessen . Nebe n extre m anoxische n un d sulfidische n Sedimente n i m 
Schwarzen Mee r un d i m Urani a Becke n wurde n auc h ne u entdeckt e hydrothermal e Vent -
Gebiete vo r de r griechische n Inse l Milos , i n de r Calder a de r Inse l Santori n sowi e extre m 
hydrothermal beeinflusst e Sediment e de s Guayma s Becken s i m Gol f vo n Kalifornie n 
beprobt. 
Schwarzes Meer 
Aufgrund de r ausgeprägte n Schichtun g diese s weitgehen d anoxische n Becken s i n ein e 
dünne oxisch e Oberflächenwasserschich t un d eine r unterlagernde n mächtigen , anoxische n 
und sulfidische n Wassermass e stell t das Schwarz e Mee r ei n ideales , natürliche s Labo r fü r 
biogeochemische Untersuchunge n i m Bereich de r Grenzschich t de r beide n Wassermasse n 
dar. Da s Ziel dieser Forschungsreis e wa r es , die Veränderun g de r Mineralisationsprozess e 
im Sedimen t entlan g eine s Tiefentransekte s a m Übergan g vo n oxische n z u anoxische n 
Verhältnissen zu untersuchen. 
Zur Quantifizierun g de r fü r di e Remineralisierun g verantwortliche n Prozess e i m 
Sediment wurde n zu m erste n Ma l dre i verschieden e Landertype n gleichzeiti g fü r in  situ 
Messungen eingesetzt. Dabe i konnte gezeigt werden, wie sich die Bedeutung de r Oxidantie n 
(terminaler Elektronenakzeptoren ) entlan g eine s Transekte s vo n oxische n z u anoxische n 
Bedingungen mi t zunehmende r Wassertief e deutlic h verändert . Sauerstof f spiel t 
erwartungsgemäß al s terminaler Elektronenakzepto r i m Schelfbereic h di e größt e Rolle . Mi t 
zunehmender Wassertief e nimm t de r Sauerstoffgehal t i m Bodenwasse r a b un d di e 
Messungen ergabe n ein e kontinuierlich e Zunahm e de s Anteil s de r Sulfatreduktio n a m 
Gesamtumsatz vo n 5, 6 au f 46, 5 %  zwische n 6 0 un d 10 0 m  Wassertiefe . Di e absolute n 
Sulfatreduktionsraten nahme n dagege n entlang des Transektes mi t de r Wassertiefe ständi g 
ab und stiegen bei 181 m Tiefe im unteren Bereich der Übergangszone wieder deutlich an. 
Aus diese n Beobachtunge n schließe n wir , da ß di e Verfügbarkei t organische n Material s fü r 
die Sulfatreduktion mi t zunehmender Wassertiefe geringer wird, und solange noch Sauerstof f 
im Bodenwasser vorhanden ist , die Sulfatreduktion unterdrückt wird. I n 181 m Wassertiefe is t 
kein Sauerstof f meh r i m Bodenwasse r vorhanden , anoxisch e Abbauprozess e trete n i n de n 
Vordergrund un d di e Sulfatreduktio n dominier t nu n al s Abbauprozeß fü r noc h ausreichen d 
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verfügbares organische s Material , s o da ß Sulfatreduktionsrate n i n de r Größenordnun g de r 
Flachwasserraten liegen . Gleichzeiti g zeigte n erst e Berechnungen , da ß Mangan - un d 
Eisen red uktion zusamme n etw a di e gleich e Bedeutun g fü r de n Kohlenstoffabba u i m 
Schelfbereich haben , wi e di e Sulfatreduktion . Unte r de r Übergangszon e nimm t de r 
Sulfidgehalt i n de r Wassersäul e steti g z u un d di e Sulfatreduktio n is t nu n de r alleinig e 
Abbauvorgang für organischen Kohlenstoff . Di e Raten sind jedoch deutlich niedriger , al s die 
auf de m Schel f gemessene n Raten , d a di e Qualitä t de s organische n Material s mi t 
zunehmender Wassertief e imme r schlechte r wird , wa s sic h durc h di e Zunahm e de r C 0fg:N-
Verhältnisse von 12 auf 17 äußert. 
Weiterhin konnt e gezeig t werden , da ß di e unte r in  situ  Bedingunge n gemessene n 
Sulfatreduktionsraten a n einigen Statione n niedrige r sind , al s die vergleichend ausgeführte n 
Laborinkubationen. I m Schelfbereich is t dieser Unterschie d deutliche r ausgepräg t (58-8 0 % 
geringere Raten) , al s i m sulfidischen , anoxische n Becke n (4-3 2 %  geringer e Raten) . 
Teilweise sin d diese Unterschied e auc h au f ein e Störun g de s Oberflächensedimente s ode r 
auf Sedimentheterogenitä t zurückzuführen. Trotz diese r Unterschied e sin d die gemessene n 
Sulfatreduktionsraten vergleichbar mi t denen früherer Untersuchungen . 
Guaymas Becken/Golf von Kalifornie n 
Die kohlenstoffreiche n Tiefseesediment e de s Guayma s Becken s biete n zusamme n mi t dem 
unbegrenzt zu r Verfügun g stehende m Sulfa t ideal e Voraussetzunge n fü r ein e intensiv e 
Reduktion von Sulfa t durch mesophile , thermophile und hyperthermophile Mikroorganismen . 
Die Verteilun g de r Sulfatredukio n i n diese n hydrotherma l beeinflusste n Sedimente n is t i n 
erster Lin e abhängi g vo n de n chemische n Gradienten , di e abe r innerhal b eine s 
Probenahmestandorts völlig unterschiedlich gearte t sein können. 
Magmatische Intrusione n unte r de r Sedimentdeck e sin d fü r aufsteigend e 
hydrothermale Porenwässe r verantwortlich , di e durc h di e Sedimentschich t diffundiere n un d 
diese Temperaturen vo n 200° bi s 250° C aussetzen. Dabe i wird de r organisch e Kohlenstof f 
des Sediment s eine r thermische n Alteratio n unterzoge n un d e s entstehe n petroleumartig e 
Produkte bestehen d au s aliphatische n un d aromatische n Kohlenwasserstoffverbindungen . 
Mit de m hydrothermale n Flu ß gelange n dies e Verbindunge n i n Oberflächensediment e un d 
stehen als potentielle Substrate für die mikrobielle Sulfatreduktion i m Temperaturbereich vo n 
3° bis > 100° C zur Verfügung. 
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Eine zweit e Substratquell e sin d di e nitratanreichernde n Schwefelbakterie n Beggiatoa  spp. , 
die i n dichte n Matte n a n de r Sedimentoberfläch e wachsen , dor t w o schwefelwasserstoff -
reiche Porenwässe r austreten . Mi t de r Fermentierun g ihre r chemoautotrop h synthetisierte n 
Biomasse entsteht ebenfalls ein Pool von Nährstoffen für die Sulfatreduktion. 
Die höchste n bishe r i n hydrothermale n Tiefseesedimente n gemessene n 
Sulfatreduktionsraten vo n 3350 nmo l cm" 3 d"1 wurden i n konsolidierten Sedimente n unte r 1 5 
cm Tief e gemessen . Be i in  situ  Temperature n vo n 71°-93 ° C  könne n nu r thermo -
hyperthermophile Sulfatreduziere r be i geeignete m Substratangebo t fü r dies e hohe n Rate n 
verantwortlich sein . 
Bis z u 255 0 nmo l cm" 3 d" 1 wurden nah e de r Sedimentoberfläch e mi t überlagernde n 
Beggiatoa Matte n gemessen. In diesem Bereic h herrsche n moderat e Temperaturen vo r un d 
mesophile Sulfatreduziere r nutze n vorwiegen d da s Substratangebo t de r fermentierte n 
Biomasse. In  situ  Messunge n mi t de m ne u entwickelte n Inkubationsinstrumen t ORPHEU S 
bestätigten extre m hoh e Rate n i n Oberflächensedimente n mi t Bakterienmatte n be i in  situ 
Temperaturen von 11° C. 
Abhängig vo n de r Inkubationstemperatu r de s hydrothermalen Sediment s habe n sic h 
im wesentliche n zwe i Temperaturbereich e herauskristallisier t a n di e sulfatreduzierend e 
Bakterien gut angepaßt sind ; das ist zum einen der mesophile-thermophile Bereich zwischen 
40°-60° C sowie der hyperthermophile Bereich zwischen 70°-90°C. 
Urania Becken 
Das 357 0 m  tiefe Uraniabecke n südwestlic h vo n Kreta , is t eine s vo n insgesam t dre i tiefe n 
Becken (L'Atalant e un d Discovery) , auf deren Grund sich eine hochsaline Sol e befinde t un d 
für biogeochemisch e Untersuchunge n besonder s interessan t macht . I n 3470 m  Tiefe finde t 
ein Übergan g vo n norma l saline m Seewasse r zu r Soleschich t statt . Aufgrun d de r 
Dichteunterschiede de r beide n Wasserkörpe r reicher t sic h i n eine r etw a 2 0 m  mächtige n 
Übergangszone organische s Materia l a n un d Bakterienzah l sowi e Sulfatreduktio n steige n 
stark an . I n diese r Überganszon e wurde n di e höchste n bishe r i n eine r Wassersäul e 
gemessenen Sufatreduktionsrate n (1 4 nmo l cm" 3 d" 1) gefunden . Di e 8 0 m  mächtig e 
Soleschicht setz t sic h durc h ein e scharf e Pyknoklin e be i 379 0 m  von de r Übergangszon e 
deutlich ab . Sulfidgehalt e vo n 1 0 mM und ein e Salinitä t vo n 16 2 %o lassen ein e biologisch e 
Aktivität unte r diese s extreme n Umgebungsbedingunge n nahez u unmöglic h erscheinen , 
trotzdem findet eine Remineralisierung organischen Kohlenstoffs durch Sulfatreduktion statt . 
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Zum erste n Ma l wurde n Sulfatreduktionsrate n i n Sedimente n de s Becken s unte r in 
situ Bedingunge n mi t dem Lande r LUIS E gemessen . Di e in  situ  gemessene Rat e (1 5 nmo l 
cm"3 d" 1) is t niedriger , al s di e paralle l daz u durchgeführte n Inkubatione n a n Bor d de s 
Forschungsschiffes (2 5 nmo l cm" 3 d" 1) un d is t wahrscheinlic h au f Druck - un d 
Temperaturänderungen be i de r Bergun g de s Sedimente s fü r di e Laborinkubatione n 
zurückzuführen. 
Milos und Santorin 
In de r südliche n Ägäi s vo r de r Inse l Milo s un d i n de r Calder a vo n Santori n wurde n nac h 
systematischer Such e während der Forschungsreise M40/ 2 neue Vent-Gebiete entdeckt . Die 
Sedimente diese s hydrotherma l beeinflußte n Gebiete s ware n Zie l fü r Messunge n vo n 
Sulfatreduktionsraten sowoh l unte r in  situ  al s auc h unte r Laborbedingungen . Di e nu r 
unwesentlichen Unterschied e zwische n Labor - un d in  situ  Messunge n sin d woh l au f di e 
geringen Druckdifferenze n un d der nu r geringfügi g voneinande r abweichende n Boden - und 
Oberflächenwassertemperaturen zurückzuführen . Aufgrun d de s limitierte n C 0^-Gehalts i n 
den sandige n Sedimente n vo r Milo s wurd e nu r ein e seh r gering e Sulfatreduktionsaktivitä t 
festgestellt (4- 7 nmo l cm" 3 d" 1). Dagege n zeigte n hydrotherma l beeinflusst e Sediment e 
deutlich höhere Raten. 
Ähnlich, wi e bereit s i n Sedimente n de s Guayma s Becken s i m Gol f vo n Kalifornie n 
konnten auc h i n Sedimente n vo r Milo s mesophil e un d thermo - hyperthermophil e 
Temperaturbereiche sulfatreduzierende r Bakterie n gefunde n werden . Auc h detailiert e 
geochemische Messunge n zeige n deutlich e Unterschied e vo r alle m be i Ammonium, Sulfid , 
aber auc h Bariu m un d Lithiu m zwische n nich t hydrotherma l beeinflußte n Sedimente n un d 
zwischen heiße n al s auch kalten Vents. Besonder s hervorzuhebe n sin d die außergwöhnlic h 
hohen Eisengehalte in Calderasedimenten von Santorin. 
Im Gegensatz z u bereit s durchgeführte n in  situ  Beprobunge n hydrothermale r Vent s 
im Flachwasser konnte n vom Schif f aus keine in situ  Messunge n hydrothermale r Sediment e 
durchgeführt werden . E s blie b de m Zufal l überlassen , di e punktarti g auftretende n 
Ventsysteme mit einem freifallenden Lander oder einem Box- oder Multi-Corer zu treffen. 
Eine Beprobun g zweie r Ventsystem e mittel s Box-Core r wa r schließlic h nu r mi t Hilf e 
eines eingesetzte n ROV' s möglich . Unterschiede n werde n konnt e dabe i zwische n kalte n 
„Vents" (~ 20° C) und heißen „Vents" (~ 103° C), die deutlich höhere Raten aufwiesen. Dabe i 
ist z u berücksichtigen , da ß chemisch e Gradienten , Temperatu r un d Sedimentverhältniss e 
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und dami t auc h Sulfatreduktionsrate n hydrothermale r System e bereit s au f kleine m Rau m 
stark voneinander abweichen können . Ein Vergleich verschiedener Vent-Systeme ist deshalb 
schwierig und ist nur mit genauer Kenntnis der geochemischen Gradienten möglich. 
Technologie 
Zukünftige Arbeite n übe r in  situ  Messunge n vo n Sulfatreduktionsrate n i n marine n 
Sedimenten werde n di e Aufgab e haben , geziel t di e Unterschied e zwische n in  situ  un d 
Labormessungen herau s z u arbeiten . Ei n Teilprojek t könnt e dabei  sein , di e in  situ 
Druckverhältnisse i m Labo r au f Sedimentkern e z u übertrage n un d de n Einflu ß eine r 
Dekompression au f die Sulfatreduktionrate z u rekonstruieren . Die Lander-Technologie biete t 
trotz ausgefeilte r Laborversuch e imme r noc h di e best e Möglichkei t biogeochemisch e 
Prozesse un d Gradiente n unte r in  situ  Bedingunge n ohn e Druck - un d 
Temperaturveränderungen de s Sediment s z u testen . Vo r alle m Untersuchunge n a n 
hydrothermalen Systeme n sollte n au f jede n Fal l ohne  Druckentlastun g erfolgen , d a be i 
Atmosphärendruck ei n intensive s Ausströme n gelöste r Gase , vo r alle m Metha n au s de n 
beprobten Sedimentkernen erfolg t und die Meßergebnisse verfälschen kann. 
Bei künftige n Einsätze n sollt e übe r di e Verbesserun g de s Sinkverhalten s 
insbesondere bei m Aufsetze n de s Geräte s au f de m Meeresbode n nachgedach t werden . 
Man wir d auch , u m in  situ-  un d Labormessunge n besse r vergleiche n z u können , ei n 
größeres Augenmer k au f di e Probenahmestell e lege n müssen . Ei n gezielte s Absetze n de r 
Landergeräte au f de m Meeresbode n unte r Videoüberwachun g wir d di e Zukunf t diese r 
Technologie sein . 
Desweiteren wir d ma n sic h intensive r u m ein e modular e Bauweis e vo n 
Seeforschungsgeräten bemühe n müssen , u m a n eine r Probenahmestell e mehrer e 
unterschiedliche Messunge n gleichzeiti g vornehme n z u können . Di e Neuentwicklun g de s 
Inkubationsgerätes ORPHEU S war ein erster Schrit t i n diese Richtung . Es ist ein kompakte s 
Gerät für Radiotracer Untersuchunge n un d wurde erfolgreich vo n dem Forschungstauchboo t 
ALVIN abgesetz t un d gestartet , u m dan n selbständi g Messunge n vorzunehmen ; ei n 
Absetzten mi t einem ROV ist ebenfalls denkbar . 
In künftige n Einsätze n wir d e s al s modulare s Bautei l i n eine m größere n 
Landersystem wichtige geochemische Messungen ergänzen. 
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6. Abbildungsverzeichni s 
2.1 ABBAUWEG E ORGANISCHER SUBSTANZ AM MEERESBODE N 
Abb. 1: Vereinfachte Darstellun g der Kopplung zwischen Sauerstoff- , Mangan- , 
Eisen-, und Schwefelkreisläufen i n marinen Sedimenten (au s Jahrbuch der 
Max-Planck-Gesellschaft zu r Förderung der Wissenschaften e.V. , 1995 , 
Sonderdruck des Max-Planck-Institutes Bremen, 231-238). 7 
3.1 SULFAT E REDUCTIO N IN BLACK SE A SEDIMENTS; I N SITU AND LABORATORY RADIOTRACE R 
MEASUREMENTS FRO M THE SHELF TO 2 0 00 M  DEPTH 
Fig. 1: Mapof the Black Sea showing the transect from Stn. 1 to Stn. 8 and Stn. 0. 1 6 
Fig. 2: Hydrographie profiles at Stn. 5 (181 m) where the sea floor was below the 
oxiezone. 22 
Fig. 3: Sulfate reduction rate and cumulative SRR vs. sediment depth at Stn. 0 on the 
Romanian shelf nearthe oi l drilling platform Gloria. 2 4 
Fig. 4: Sulfate reduction rates vs. sediment depth from Stn. 1-4. At Stn. 1 data from all 
three sediment cores are shown. In situ and laboratory profile s at Stn. 2 and 3 and 
laboratory profil e at Stn. 4 were obtained in triplicate. Error bars show Standard 
deviations of the mean (n=3). At Stn. 4 (in situ ineubation) a mean value of two 
sediment cores is presented. 2 5 
Fig. 5: Sulfate reduction rates vs. sediment depth from Stn. 5-8. Profiles of Stn. 5 
(in situ and laboratory), in situ ineubated cores of Stn. 6 and laboratory cores of Stn. 8 
were obtained in triplicate. Error bars show Standard deviations of the mean (n=3). 
Laboratory ineubation s of Stn. 6 and in situ ineubations of Stn. 7 were determined of a 
mean value of two sediment cores. Laboratory ineubatio n of Stn. 7 and in situ 
ineubation of Stn. 8 are represented by one core. 2 6 
Fig. 6: Depth integrated rates of sulfate reduction between 0 and 1 5 cm from transect 
stations 0-8. Error bars show Standard deviations of the mean (n=3). Areal rates 
without error bars were calculated from mean values of two cores (Stn. 0, 4, 6 and 7) 
or from only one core (laboratory Stn . 7 and in situ Stn. 8). 2 7 
Fig. 7: Concentrations of Con7, Ccarbonate, S tof8/and atomic C Q ^ N ratio s vs. sediment 
depth of Stn. 1 to 8. The data are shown in % dry weight. 2 8 
Fig. 8: Atomic C0/8:N ratios (mean for 0 to 5 cm sediment depth) o f Stn. 1-8 versu s 
water depth. The curve shows an exponential fit through the data. The ratios were 
calculated from Corv and N values obtained by CNS analysis. 2 9 
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Fig. 9: Organic carbon and total sulfur concentrations of Black Sea Sediments above 
and below the chemocline (data from Stn. 1-8). The solid lines show linear 
regressions through the two data sets. The data were obtained by CNS analysis. 3 0 
3.2 BACTERIA L SULFATE REDUCTION IN HYDROTHERMAL SEDIMENTS OF THE GUAYMAS BASIN, GULF 
OF CALIFORNIA, MEXICO: IN SITU AND LABORATORY RADIOTRACER MEASUREMENTS 
Fig. 1: Map of the Gulf of California showing the Guaymas Basin dive area (X) . 4 3 
Fig. 2: The new benthic incubation instrument ORPHEUS for in situ radiotracer 
measurements, which was deployed by ALVIN. 4 4 
Fig. 3: Whitish and yellow-orange Beggiatoa  mat s covering the sediment surface 
atStn. 1 . 4 9 
Fig. 4: Temperature, H2S and S042" vs. sediment depth in the same hydrothermal 
sampling field and in a non-hydrothermal sediment. H2S in the non-hydrothermal 
sediment was below ourdetection limi t (< 1uM). 5 0 
Fig. 5: Sulfate reduction rates in hydrothermal Sediments (Stn. 4, no bacterial mats) 
incubated at different temperatures. Note the different scales for the rates. 5 2 
Fig. 6: Sulfate reduction rates in hydrothermal sediment covered with bacterial mats 
(Stn. 1 ) and non-hydrothermal sediment (Stn . 6) incubated at different temperatures. 
Note the different scale for the 3°, 80° and 90° C data. 5 3 
Fig. 7: Distribution of suifate reduction and temperature with sediment depth from an 
in situ incubation with the benthic instrument ORPHEUS in a hydrothermal sedimen t 
partly covered with bacterial mats. 5 4 
Fig. 8: Temperature dependence of suifate reduction rates in slurried hydrotherma l 
sediment (Stn . 3) from 0-6, 6-12, 12-18, 18-24 and 24-30 cm sediment depth. A 
Substrate mixture of short-chain fatty acids was added to all slurries. The in situ 
temperature ranged from 16° C at 5 cm to 105° C at 25 cm depth. 5 5 
Fig. 9: Temperature dependence of suifate reduction rates in a slurried hydrotherma l 
sediment from 10-17 cm (Stn. 5). A Substrate mixture of short-chain fatty acids was 
added to all slurries. The in situ temperature ranged from 75°-90° C. 5 6 
Fig. 10 : Temperature dependence of suifate reduction rates in slurried hydrotherma l 
Sediments (Stn. 3) from five different depth intervals and three different incubatio n times 
(31, 69 and 97 h). A Substrate mix of short-chain fatty acids was added to all slurries. 
The in situ temperature ranged from 16° C at 5 cm to 105° C at 25 cm depth. 5 7 
Fig. 11 : Concentration s o f C0^, Sto<a/ (in % dry weight) and atomic C:N ratios vs. 
sediment depth at the hydrothermal sampling Sites of Stn. 1 and 2 and in 
non-hydrothermal Sediments of Stn. 6. 5 8 
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Fig. 12: Weight ratios of C:S in hydrothermal (Stn. 1 an d 2) and non-hydrothermal 
Sediments (Stn. 6). 5 9 
3.3 DEEP-WATE R SECONDARY PRODUCTIVITY AND INTENSE SULFATE REDUCTION IN A HYPERSULFIDIC 
BASIN IN THE MEDITERRANEAN SEA: IMPLICATIONS FOR THE SULFUR ISOTOPE RECORD 
Fig. 1: Investigations in the water column. a) Redox potential and Sulfate 
concentration b) Oxygen and sulfide concentrations c) Sulfate reduction 
rates and bacterial cell numbers, the arrows indicate the depth of the deployment 
of the in situ pumps and the according numbers give the concentration of organic 
carbon at these depths d) Sulfur isotopic ratios of sulfate and sulfide. The 
dashed lines indicate the position of the chemocline. 6 7 
Fig. 2: Photograph of particle accumulation at the brine - se a water interface at 
3490 m water depth. 6 8 
Fig. 3: Investigations in the Sediment, a) Sulfate and ammonium concentrations 
in sediment pore water, organic carbon content in mg per g dry weight of Sediment 
b) Iron and total sulfur concentrations c) Sulfate reduction rates measured in situ 
and in whole-core incubations in the laboratory d) Sulfur isotopic ratios of sulfur 
species. 7 1 
3.4 GEOCHEMISTR Y AND SULFATE REDUCTION RATES IN HYDROTHERMALLY INFLUENCED 
SEDIMENTS IN THE AEGEAN SEA 
Fig. 1: Map of the Aegean Sea indicating the location of the volcanic islands Milos and 
Santorini (Thira) situated on the Hellenic Volvanic Are. 7 8 
Fig. 2: Locations of the three sampling stations off the island Milos. 7 8 
Fig. 3: The island Santorini with the sampling Station indicated. 7 9 
Fig. 4: The benthic lander LUISE (Lander for Underwater in situ Experiments). 8 1 
Fig. 5: Box - cor e sample of the gas vent showing the vigorous emerging of gas 
bubbles. 8 4 
Fig. 6; Hot vent in shallow water depth (12 m) in Palaeochori Bay off the island Milos. 
White and yellow preeipitates cover the sediment surface, where hot vent fluid is 
emerging from the sea floor. 8 4 
Fig. 7: Box - cor e sample retrieved from the sea floor of the central Santorini caldera. 8 5 
Fig. 8: Profiles of temperature, pH and redox potential measured in sediment cores 
retrieved from the three Milos stations. 8 6 
Fig. 9: Gradients of dissolved oxygen measured with clark-type microelectrodes in the 
sediment cores taken at the three Milos stations and at the Santorini caldera Station. 
Profiles were measured in depth intervals of 250 um. 8 7 
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Fig. 10: Depth distribution of pore water ammonium and sulfate concentrations (Note 
the different scales for ammonium concentrations). 8 8 
Fig. 11 : Dept h distribution of pore water barium and lithium concentrations. (Note the 
different scales for the barium concentrations). 9 0 
Fig. 12: Depth distribution of iron concentration (tota l Fe, Fe I I and Fe III) extracted 
from wet sediment samples and distribution of manganese measured in pore water 
samples. 9 1 
Fig. 13: Depth distribution of total nitrogen, organic and inorganic carbon as well as 
total sulfur contents and C0^/S weight ratios. 9 3 
Fig. 14: Depth profiles of sulfate reduction rates at the reference Station a) measured in 
laboratory whole core incubations b) measured in in situ incubations. 9 4 
Fig. 15: Depth profiles of sulfate reduction rates a) measured at the hot vent Station 
and b) atthe gas vent Station. 9 5 
Fig. 16: Depth profiles of sulfate reduction rates measured a t the Santorini caldera 
Station, a) in situ incubations b) whole core laboratory incubations. 9 5 
Fig. 17: Sulfate reduction rates obtained from temperature gradient incubations of 
sediment samples from the Milos reference Station (a, b) and sediment samples from 
the Santorini caldera (c , d). Incubations were carried out with two different sediment 
sections (0-7 cm and 8-15 cm). 9 7 
Fig. 18: Sulfate reduction rates obtained from temperature gradient incubations of 
sediment samples of the gas vent Station (a, b, c) and the hot vent Station (d, e, f). 
Experiments were carried out with sediment from three different depth intervals (0-7 cm, 
8-14 cm, 15-21 cm). 9 8 
122 
7. Tabellenverzeichnis 
3.1 SULFAT E REDUCTION IN BLACK SEA SEDIMENTS; IN SITU AND LABORATORY RADIOTRACER 
MEASUREMENTS FROM THE SHELF TO 2000 M DEPTH 
Table 1. Station locations, water depth, sediment temperature (LUISE sensor) and 
bottom water oxygen concentrations (n.d. = no data). 1 5 
Table 2. Total (TOU) and diffusive (DOU) oxygen uptake and dissolved inorganic 
carbon (DIC) fluxes at shelf and slope stations along the transect (n.d. = no data). 2 3 
Table 3. Comparison of areal sulfate reduction rates (0-15 cm) obtained in this study 
(all data are laboratory rates) with previously published rates. Means are shown. 3 4 
Table 4. Changes of total oxygen uptake (TOU) and sulfate reduction rates (SRR) 
within the transect from Stn. 1 t o 8. The importance of sulfate reduction (SRR % of 
total remineralization) was estimated for Stn. 4-8, n.d. = not determined). 3 6 
3.2 BACTERIA L SULFATE REDUCTION IN HYDROTHERMAL SEDIMENTS OF THE GUAYMAS BASIN, GULF 
OF CALIFORNIA, MEXICO: IN SITU AND LABORATORY RADIOTRACER MEASUREMENTS 
Table 1. Dive locations and samples for sulfate reduction measurements obtained 
by ALVIN and ORPHEUS. 4 2 
3.4 GEOCHEMISTRY AND SULFATE REDUCTION RATES IN HYDROTHERMALLY INFLUENCED 
SEDIMENTS IN THE ÄEGEAN SEA 
Table 1. Sampling stations. 7 9 


